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EXECUTIVE SUMMARY

Problem Statement

The Florida Department of Transportation (FDOT) is frequently confronted with
contractor suggested redesigns of some of its pre-stressed concrete bridge projects. In
which case most of them call for changing the bridge girder design from its original post-
tensioned continuous members to longer simple supported spans. Often, these result in
deeper simple span girders with larger cross-sectional areas, moment of inertia and
consequently greater ultimate capacity. Thus, enabling the designer to eliminate the post-
tensioning and change the statical scheme from continuous to simply supported.

However, although the girders are designed as simple spans, the attached deck
slabs remain as continuous members. The final configuration of both the deck slab and
the girder acting as a unit, is in essence a hybrid between a strictly statically
indeterminate structure and a determinate structure. Further investigation of this sort of
design is necessary, since the effect of the time-dependent behavior of these members
with respect to creep, shrinkage and steel relaxation is drastically different for

indeterminate structures as compared to simple ones.

Project Objectives

This study is a follow on to a previous one in which an actual pre-stressed
concrete bridge, the West-Bound Gandy Bridge, was’ instrumented at the inception of
construction with embedded strain gauges to measure both strain and temperature at
select locations of the structure. The objective of this second phase of the research is to
utilize the field measured strain and temperature readings in investigating the time-
dependent behavior of this typical pre-tensioned concrete bridge with a hybrid structural
configuration. The data collected is used to perform the following analysis and

investigations:

e Determine the pre-stress losses at various locations and depth of the structure based
on field measured data and compare them with those recommended for use by
established codes such as ACIL, AASHTO, PCI and the CEB-FIP.

e Utilize the field measured data and the pre-stress losses derived from them in
investigating any stress redistribution that may result from the time-dependent
behavior of the concrete, and from the hybrid structural configuration of the bridge.

e Establish any serviceability issues that may result from this hybrid structural
configuration by using the field measured data, to investigate any effects the time-
dependent behavior may have on the camber and deflection of the members.

iv
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Project Findings

This report concentrates on field measured and bridge monitoring data for up to
390 days from the date of initial instrumentation of the bridge girders in the pre-cast yard.
By this time, most of the pre-stress losses in the members had occurred and the remaining
data, which is available in a database for up to three years of measurement, has become
essentially constant and shows negligible variations in time. It is important to note that
the composite bridge slab was cast at the 240™ day, and contributions due to this
additional load and other superimposed loads on the structure were adequately accounted
for in the analysis. :

Consequent to the determination in the Phase I study that pre-stress losses varied
across the depth of the girders, the ACI and PCI methods which account for time-
dependency and the AASHTO lump sum value which is time and depth invariant were
employed for comparison with those from field measurement. This study determines that
the pre-stress losses from the field measured data compares well with those from the PCI
and ACI time-dependent methods, while that from the AASHTO approach seemed overly
conservative.

Tt was also determined that the variation of pre-stress loss with depth has a more
profound effect on the camber values than on the stress distributions in the members.

Project Conclusions
The following important conclusions are drawn from this research project:

e It is established that the PCI and ACI-209 time-dependent methods for estimating
pre-stress losses yield similar results to those from field measurements. However, it is
necessary to note that the inability to utilize these code methodologies in depicting
the effect of pre-stress loss at different depths of the concrete member may hamper
their usefulness in accurate computation of camber and deflection values.

e This study proposes the use of K4 and K depth and time-dependent coefficients
respectively, in implementing the variability of the effective creep coefficient with
time and depth in a design.

e On account of the stress variations in the members, it is concluded that the time-
dependency of the design is more significant than its depth dependency. Comparison
of a continuous slab and a simple slab configuration indicates the stress variations at
the mid-span were very similar, but were very different at regions close to the
support, prompting for closer attention to the support region in such designs as this.

e The study also determines that the camber in the pre-stressed concrete girders varied
significantly across its depth, thus, amplifying the importance of including the depth
dependency of the creep coefficients in properly computing the camber for design.

e Itis also observed that though the conventional use of higher concrete strengths in the
field (more than what the actual design specifies) is a good practice with respect to
stresses, it is not such a good thing for the camber and deflection, and must be done

with care.
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Chapter 1

INTRODUCTION

1.1 Westbound Gandy Bridge Project

This research project studied the effect of time-dependent pre-stress losses by
using measurements from an actual bridge, the Westbound Gandy Bridge that connects
Pineilas and Hillsborough counties in Florida. This report (phase II) presents a
continuation of the work started in phase I of the project, and discusses mainly the pre-
stressing effects as deduced from the measured strain dafa, the concrete stress re- .
distribution due to the bridge configuration, and computation of the bridge camber.

The bridge itself consists of typical segments of three simply supported spans of
43.9 m (144 ft) modified AASHTO type IV concrete girders with a continuous slab
placed on these girders. The bridge instrumentation, data collection and data reduction
techniques employed in the project were previously presented in the phase I report L
Pre- st1ess concrete losses are detelmlned ﬁom using embedded v1b1at1ng wire strain
gages to measure strain at different depths and locations along the girders. Cent1o1ds of

steel, non-composite girder, and composite section were some of the different depths

used. Other depths were top most, bottom most and some chosen in between. The



different instrumented locations along the bridge were at 1.52 m (5 ft), quarter, and mid-
span of the girders with total span length of 43.9 m (144 ft). Modified AASHTO type VI
girders w;:re used for this bridge. Even though the modified AASHTO type VI girders
Jook similar in shape to the standard ones, they are somewhat different in dimension.
The modified girder is 15.2 cm (6 in) larger in height, 129 cm? (20in%) bigger in area, 3.7
KN/m (21 Kpf) larger in self-weight, and has a moment of inertia of 0.842 m* (202,224
in*) largef than the standard AASHTO type IV girder.

All strain gages are connected to a data collection system. The collection of data
began in December of 1995 at the Hardaway Pre-stress Plant where the girders were cast.
In April of 1996, the girders were transferred to the bridge from where data is still being
collected, and is scheduled to end in August 1999. This draft report includes data reduced
up to 390 days from the casting of the girders, and the final report will be include, the
remainder of the daté up to August 1999. The strain réadiﬁgs are used as a tool for
studying the time dependent behavior of the pre-stressed concrete members. The
behaviors that is of most importance in this study are the time-dependent losses such as
creep, shrinkage and steel relaxation, and their effect on the amount of stresses as well as
camber of the bridge.

The main objective of the study is to precisely measure the time-dependent
conip_onents of the pre-stress loss. Although, calculating the total pre-stress losbs is a vital
task in pré-stressed concrete design, more important, is the proper calculation of the
various components that make up the total loss. These components are creep, shrinkage

and steel relaxation. Not only is computing these components of loss important for



achieving the total stress loss, but are also required for better computations of the amount

of cémbel' in the section.

| This report presents the behavior of the beams instrumented with the strain gages.
Data from these beams were collected from the time the girders were cast until 390 days
Jater. This study represents the response of a pre-stressed seétion in the first thirteen
months. During this period the slab was cast over the girders, hence, the addition of the
supérimposed dead load plays a role in this study. The change in behavior of the girders
when the additional weight took effect was observed. Throughout the project, various
stages such as initial transfer, prior and after the addition of the superimposed dead load
were studied.

The content of this report can be summed in this paragraph. In chapter 2, related
topics are mentioned under literature review. In chapter 3, location of girders and Bridge
instrur‘nentationv is discussed. Reasons for seleéting specific girders and locétions for
instrumentation are mentioned. In chapter 4, more detailed explanation of the method
used in determining the field pre-stress loss is presented, along with the various design
codes’ pre-stress loss computation methodologies. In chapter 5, results in terms of pre-
stress losses are presented and discussed. In chapter 6, results in terms of the effect of the

pre-stress loss on stress and camber or deflection are shown and elucidated. In chapter 7,

conclusions and future reco_mmendations are made.



CHAPTER 2

LITERATURE SURVEY

2.1 Introduction

More accurate determination of pre-stress losses is an important task in the area of
pre-stress concrete design. Common pre-stress designs utilize a lump sum value that
reflects the various components of pre-stress losses. This lump sum value accommodates

losses due to both immediate and time dependent factors. As research provides a better

understanding of pre-stress concrete behavior, precise calculation of the various

contributions to pre-stress loss becomes essential. Depending on the method of pre-
stressing, the primary components of pre-stress losses are elastic shortening and steel
relaxation which constitute immediate losses; creep, shrinkage and steel relaxation which
make up time-dependent losses. The summation of the different contributions to pre-

stress loss results in the total pre-stress loss value.

Several researchers recognized the importance of computing the various elements

- of pre-stress losses. Many common equations used by structural engineers depend on

some of the individual elements of the total pre-stress loss. Obtaining the individual
components of pre-stress loss will allow engineers to better compute some design aspects

such as camber or deflection. Especially, since a parameter like creep may affect camber



and deflection more than the other time-dependent components. By the use of a simple

mathematical equation, the several components can be added together to obtain the lump

sum value of pre-stress loss.

2.2 Previous Work Related to this Study

The ACI 318R-92 code suggests the use of the work represented in some
publications that discuss the methods for computing the various pre-stress loss
componentsz. Among some of the suggested articles is the use of the PCI approach based
on work by Zia et al.®. This method is also used in the PCI Handbook 4" edition®. This
method presents a general method to compute the components of pre-stress loss as a
function of time in which there is a strong vinten‘elation between the various components.
Alteration to one element affects the other elements. For example, the amount of steel
relaxation is changed when the creep value is altered and vice versa. Due to the
interaction between the various components of pre-stress loss, exact pre-stress values are
hard to achieve. However, this method of computation is still a better estimation of the

Josses than the lump sum method commonly used in some codes’.

This PCI article discusses losses in both pre-tensioned and post-tensioned

‘members. The generality of this method extends to include factors that are altered to

compensate for different concrete sectional properties. Normal weight vs. lightweight,

moist cure vs. accelerated cure are some of the many factors taken into account in this

study. This PCI article contains various equations that can be implemented to fit most



pre-stress concrete designs. However, if a project does not meet the specified conditions,
another approach should be implemented. Some of the other factors affecting pre-stress
loss discussed in this study include the unit weight of the member, the type of steel used
and environmental conditions. In lightweight concrete, a unit weight between 1,442 and
2,002 kg/m® (90 and 125 1b/£t>) must be used. In normal weight concrete, a unit weight
of 2,323 kg/m’ (145 1b/ft?) must be used. Along with concrete weight specification, low
relaxation steel must be used and a relative humidity of about 70 percent should exist.

Utilizing the findings from the work done by‘Zia et al., the PCI Committee report3
on pre-stress losses suggests two methods that can be used to determine the amount of
pre-stress losses. Both methods are a function of time. These methods are known as the
General Method and the Simplified Method. Determination of these empirical pre-stress
loss parameters is done using research vdata obtained from various projects.

The General Method of the PCI committee report on pre-stress loss discuses the
various elements of pre-stress losses separately3 . Each loss component is computed
individually. Once the values of the various elements are achieved, the lump sum value
is determined by summing the various components. The computations in these equations
are time dependent, allowing the designer to view the behavior of the structure at various
time intervals during the lifetime of the structure. Understanding the components of
losses with respect to time is stressed in this method. The losses are divided into
immediate and time dependent losses. Although both of these losses exist in pre-
tensioned and post-tensioned concrete members, the composition of immediate losses

differs between the two methods for pre-stressing concrete members. In pre-tensioned



members, the immediate loss includes initial steel relaxation and elastic shortening.
Where in post-tensioned members, the immediate losses may consist of anchorage loss,
frictional loss, elastic shortening, and misalignment of the ducts. The composition of the
time dependent losses is primarily the same for both pre-stress and post-tensioned
members. It consists of creep, shrinkage and steel relaxation. Each loss element is
computed using a special equation that takes into account the sectional properties of a
specific structure. Some of the many factors that play a role in computing the loss
elements are the type of concrete and steel, the volume to surface area ratio, the length of
curing, and age of concrete at steel transfer.

The Simplified Method of the PCI committee report on pre-stress loss presents the
total pre-stress loss as one value. This method of loss computation is much simpler than
the General Method. Its lack of generality is expressed in the specification required for
the use of this method. Sectional properties, concrete and steel strength of the memjber
are some of the specified requirements of interest. In pre-tensioned sections, accelerated
cured concrete should be used, where in post-tensioned, a moist cured section should be

used. The stress in the tendon at the critical location immediately after transfer should

not exceed 0.7 f,, . The constraints in these equations make the implementation of this

method in determining the lump sum loss of many pre-stress concrete sections an
impossible task.

Another research of great significance to this project is the work done by the ACI
Committee 209%. This study was based on both instantaneous and time dependent pre-

stress losses. Equations for estimating the various components of pre-stress loss were



used in this study. The various equations used by ACI-209 will be presented and utilized
in greater detail in chapter four of this report.

CEB-FIP European Code’ captures the time-dependency of pre-stress loss as well.
This code divides time-dependent pre-stress loss into two stress reductions. One is due to
the creep and shrinkage of the concrete member or the reduction in strain of the concrete
member. Two is due to the stress reduction within the steel. This steel reduction is
caused by the relaxation of this material under constant tension.

Based on the various research projects presented on pre-stress loss, the AASHTO
code suggests the use of time-dependent method for pre-stress loss calculation also’. It
divides pre-stress losses into both instantaneous and time dependent pre-stress losses.
The instantaneous losses include anchorage set, friction and elastic shortening. The time
dependent losses are creep shrinkage and steel relaxation. The AASHTO code comments
on the importance of calculating time-dependent pre-sfr’ess losses in accordance with av
method supported by research data.

It is important to compare the work from this project with other studies and
findings, in order to better understand the behavior of the pre-stress concrete members.
In this work, time-dependent pre-stress loss with respect to depth is measured. Various
strain gages were placed at different depths. Time-dependent pre-stress and its effect on
the structures were determined at the various strain gage locations. The‘valjious findings
of this research study were compared with other studies. Most of these studies capture
time-dependent pre-stress loss at the steel centroid only. Others depict the non-time

varying nor depth varying lump sum pre-stress loss. The difference in consequences



from using this research’s method for pre-stress loss evaluation vs. the pre-stress losses
obtain using other studies on the behavior of the member are elucidated later on in this
report.

In a previous research study conducted by Christopher Mills®, time-dependent
pre-stress loss was measured and compared with the lump sum method of various codes.
This study covered up to 150 days since the beams were cast. It is important to note that
the additional superimposed dead load was applied at 240 days after the beams were cast.
In Christopher Mills®, it was found that the strain readings differed at various depths.
Due the variation of strain reading at the different depths, a term herein referred to as
apparent pre-stress loss was determined at different depths of the girder. It was also
recommended in this study to separate the components of time-dependent pre-stress loss
in order to study the effect of the individual components on the behavior of the structure.

Antonio Montiel’ provides a simulation of time-dependent loss effects on a -
typical span of the Westbound Gandy Bridge. This study uses a computer program to
predict what will occur over time. Comparison between results from the computer
program and experimental estimation of the behavior of the member was investigated in
this study. This study provides an analytical approach for estimating the affect of time-
dependent pre-stress losses on the behavior of the structure.

The present project is aimed at continuing some of the work started by the above
mentioned authors. In particular, determining the amount of time-dependent pre-stress
loss since the beams were cast up to 390 days, which includes the effect of the additional

superimposed dead load on pre-stress loss. Also this research project attempts to depict



pre-stress loss with respect to both time and depth, as well as separating the different
components of pre-stress losses. The depth varying losses is what is called apparent pre-
stress loss in this research, since they merely depict the equivalent losses at locations
where actual strands do not exist. However, the value of the apparent pre-stress loss at
the strand level will equal the true pre-stress loss at that level. One of the components of
time-dependent pre-stress loss, creep, was incorporated into the camber and deflection’s
computation method used in this study. The implementation of time and depth dependent
creep into the camber equations allows engineers to capture the magnitude of camber

with respect to both time and depth as will be shown in chapter six.
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CHAPTER 3

GIRDER AND BRIDGE INSTRUMENTATION

3.1 Introduction

Three typical simple spans of the Gandy Bridge were selected for this study. Each
span consists of four 43.9 m (144 ft) long modified AASHTO type VI girders. Two of
the spans were used for gage instrumentation. A couple of girders were selected from
each span. All four girders were instrumented with strain gages acfoss their depth. The
thorough investigation of pre-stress loss and its afféct on the sectioﬁ was based on these
four girders. The significance of the selected girders is presented in Figure 3-1. Two of
the four beams are exterior while the other two are interior. While both interior and
exterior section behave differently, both end span beams and mid span beams are
different as well. Atop the girders lie a continuous slab. The continuity of this slab spans
along the three girder sections causing the slab and other superimposed dead loads to
affect each selected span differently. From basic eﬁgmeel'ing, the moment caused by a
continuos-superimposed dead load is different from one that is based on a simply

supported dead load. Figure 3-1 and 3-2 show sketches of the Gandy Bridge

configurations.
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Figure 3-1 Bridge Configuration of the Westbound Gandy Bridge in Tampa, Florida.
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Figure 3-2 Cross-section of the Westbound Gandy Bridge.



3.2 The Gandy Bridge Design

A typical span of the Gandy Bridge consists of piers supporting four simply
supported AASSTO type VI girders at both ends. These girders and the standard
AASHTO type VI girder have the same general shape; however, they are different in
dimensions. The modified AASHTO type VI girders are bigger in dimensions than the
standard ones. They are 15.2 cm (6 in) deeper, 129 cm® (20 i112) larger in area, and 3.7
KN/m (21 Kpf) heavier than the standard type VI. In the modified AASHTO type VI
girders, the top flange width is 152.4 cm (60 in), the web height and thickness are 127.0
cm (50 in) and 17.8 cm (7 in) respectively. These values along with other dimensions are
different from the standard AASHYO type VI girders. The increase in the dimensions of
the modified sections has led to a 27.6 % increase in the m%oment of inertia of the section

with only 1.84 % increase in the area over the standard type (See Tab‘le 3>-1).

Standard AASHTO Modified
Type VI AASHTO Type VI
— Lo . ._ i_._....,,., "‘(’ N __.:

¢ N - tt o -

Figure 3-3 Standard and Modified AASHTO Type VI Girder Cross-sections.
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Table 3-1 Properties for the Standard and Modified Type VI Girders

AASHTO Height Area I, Girder Weight
Type VI (wo = 0.145kpf)
cm in Cm’ in’ m" in’ KN/m | kpf

Standard 182.9 | 72 7,000 | 1,085 | 0.3052 | 733,320 | 191.2 1.092

Modified 198.1 78 7,129 | 1,105 | 0.3894 | 935,544 | 194.9 1.113

These modified AASHTO type VI girders are pre-stressed using 64 number-1.27
cm (0.5 in) strands. Fifty of the 64 strands are tensioned straight along the bottom of
these girders at 174.52 cm (68.7 in) from the top of the girders. The 14 remaining strands
are doubly depressed. The tendon profile of the 14 double depressed strands is shown in
Figure 3-4 and 3-5. The hold down points or points of depression can be clearly seen in
Figure 3-4. Combinations of seven wire Jow relaxation 1862 MPa (270 ksi) strands are
jacked with a tensile force of 150.3 kN (33.8 kips) on each strand. This tensile force

results in a 1395.55 Mpa (202.4 ksi) tensile force on each of these strands.

Tendon Profile

Figure 3-4 Tendon profile for Modified Type VI girder for Westbound Gandy Bridge.
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Figure 3-5 Ends and Mid-span cross-sections with tendons.

3.3 Instrumentation Used in the Gandy Bridge Project

Embedded vibrating wire strain gages wete used to obtain the change in strain in
fhe concrete. The entire data collection system is compo‘sed of three different equipment
that can be used together to obtain meaningful strain measurements. They are strain
gages, multiplexers and a data acquisition system. A description of each component is
presented in the following paragraph.

Strain gages were embedded into the goncrete. These gages are capable of
measuring strain and temperature in the concrete section at the same location. These
gages are composed of thermistor, vibrating wire protected in a tube and a wire that runs
to a multiplexer. Once these gages are placed in the concrete, the concrete temperature is
recorded. Any concrete movement results in a change in the tensioning of the vibrating

wire. The concrete’s strain and temperature data are then transmitted to the data
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acquisition system, which stores them for a period of time. After a certain time, new data
will over write the former obtained data; hence, data need to be collected periodically.

The data acquisition system uses the Micro-10 software program. This program
allows both temperatures and strains values té be attained and presented in an
understandable fashion. Along with this data acquisition system which contains the
Micro-10 programi, there is a cellular phone modem also. Downloading the data attained
from the gages can be done by two methods. One of these methods is by connecting a
computer system that contains the Micro-10 software to the data acquisition system
directly, and downloading the data. This method is done at the site. The second method
is done by activating the modem of this system via a phone line and downloading the
contained data. In this method, the dialing computer must have the Micro-10 program
and a modem and can be done from anywherje.

Proper placements of the equipment on the bridge were needed whén the girders
were moved to the site. The various multiplexers were attached to the four selected
girders’ inner side of the beams. This Jocation placement is done for maximum
protection of the equipment against all weather conditions. The data acquisition system
was placed on pier 62, which is located between the four girders. The placement of the
data acquisition atop the pier makes it possible to excess the system in case of any
unfortunate problems that might occur. The power source of the data acquisition system
is a 12-volt battery rechargeable by a solar panel. The solar panel is placed on the outer
side of the pier where it can have the maximum amount of exposure to sunlight possible.

A schematic approach of the equipment is shown in Figure 3-6.
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Figure 3-6 Bridge cross-section with equipment.

3.4 Placement of Gage Instrumentation

Gage instrumentation was done on both girders and slab. Different locations and
depths were selected for gage instrumentation. The placement of the various gages was
done to better our understanding of the @e-étress losses, and the behavior of the section at
different locations and depths. The uniformity of sectional behavior is often assumed for
désign simiolicity. Linear strainé across the depth, one pre-stress loss Vahie at steel
centroid level and one camber value to represent the sectional behavior are among the

many assumption used for simplifying the complex structural behavior. A better
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understanding of the variation of concrete behavior across the depth was a major goal of
this study. Pre-stress losses and its effect on stresses and camber values were done with
respect to depth and time. In the following sequential sections, detailed explanations for

choosing the location for gage placement in both girders and slab are shown.

3.4.1 Girder Instrumentation

Four girders that are of good representation of all other bridge girders were used
for in this study as depicted earlier in the Figure 3-1. Various locations along these
girders were selected for gage instrumentation. Among these selected sections are the
mid-span of all studied girders which is one where the maximum moment and deflection
occur. Another was at 1.52 m (5‘. ft) away from the support of Beam 1 and 4. The
significance of this location is to represent the regidn that has é small moment and is‘
close to the support. An intermediate location between the previous two was selected as
well, this location is at quarter span of Beam 2 and 3. Figure 3-7 represents the four

girders selected and the location of gage implementation.
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Figure 3-7 Instrumented locations along the studied girders.

At the locations specified, various depths were selected for gage placement. In
the cross section of the mid-span, depths of some significance such as near the top most
at 190.5 cm (75 in) and near the bottom most of the girders at 7.6 cm (3 in) from the
bottom were selected. Other gages were instrumented at pomts within the centroid of the
concrete girder at 99.06 cm (39 in), at the steel centroid of 23.57 cm (9.28 in), and the
centroid of the composite section after the slab is placed of 154.9 cm (61 in). Some other
points were selected to show the behavior of the section at points between the above
mentioned ones. These are at; 53.34 cm (21 in), 65.58 cm (27 in), and 175.3 cm (69 in)
within the girder depths. The reason for the selection of these points is to predict the

sectional behavior at these depths as well. The selected depths for instrumentation at the

mid-span are shown in Figure 3-8.
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Figure 3-8 Mid-span gauge distribution for all Beams studied.

Both Beams 2 and 3 have six gages at quafcér span away from the support. Some
of these gages are placed at the same depth shown for mid-span. In both Beams 2 and 3,
depths such as 190.5 cm (75 in), 175.3 cm (69 in) and 7.62 cm (3 in) are used for gage
instrumentation. Note all these three gage locations are used in the mid-span also. Three
new depth locations were also instrumented with strain gages at the quarter-span, depths
such as 84.07 cm (33.1 in), 31.04 cm (12.22 in), and 18.80 cm (7.4 in). It is important to
note that the depth of 8§4.07 cm ‘(33.1 in) represents the steel centroid of the doubly
depressed strands at quarter-span. Depth: of 18.80 cm (7.4 in) represents the steel centroid
of the 50 straight strands. Figure 3-9 shows the various depths used for gage

instrumentation at quarter-span of Beams 2 and 3.
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Figure 3-9 Quarter-span gauge distribution for Beams 2 and 3.

At 152 m (5 ft) away from the support of Beams 1 and 4, the strain
instrumentation was implemented at fhe same depths shown in quarter-span. - Five out of
the six strain gages had the same depth location at 1.52m (5 ft) and quarter-span. The
only difference in gage placement between the two locations was that of depth 147.0 cm
(57.9 in) which was at the center of gravity of the 14 pre-stressed strands. These depth

locations can be seen in Figure 3-10.
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Figure 3-10 Gauge distribution for Beams 1 and 4 at 1.52 m away from the support

3.4.2 Slab Instrumentation

A continuos slab of 20.32 cm (8 in) was placed over the girders of the bridge. The
continuity of the slab spans between three-span units. Due to slab continuity, significant
location placement of strain gages must be made. Points near the maximum positive and
at the maximum negative moments are of importance. Gage instrumentation at the mid-
span and the support region were used. Strain gages at the mid-span are used to allow
complete stress distributibn to be obtavined across the entire depth of the composite

section. Strain placement at the support was equally as important. A thorough study of



the slab behavior at the maximum negative moment is essential. Depths at various
locations were used for gage instrumentation also.

In the slab gage plaﬁcement, both longitudinal and pgrpendicular stresses were of
importance. Applied moment on the slab cause stresses in both longitudinal and
perpendicular directions. Gages were placed at different depths. Studying the behavior
of the section at the botto.m of slab and centroid of the slab were considered to be a
meaningful task. Hence a'strain gage was placed at 0 cm from the bottom of the slab.
This point represents the interface of the slab and the girder. It is going to be interesting
to determine the true behavior at the interface of a simply supported girder and a
continuous slab. The other strain gages were placed at a depth of 10.16 cm (4 in) which
is at the centroid of the slab. This point provides a good representation of the slab
behavior. These slab gage locations and depth can be clearly seen in Figure 3-11. Table

3-2 shows the detailed information about the slab gage placement.

Figure 3-11 Slab gauge distribution for Westbound Gandy Bridge.
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Table 3-2 Detailed information about composite slab gauges.

Slab Gauge # Depth Location Orientation
{measured from top of (with respect to beam
beam) direction)
1 7.62 cm 3.0in Midspan of Slab Perpendicular
between Beam 3 and
North Beam
2 10.16 cm 4.0in Midspan of Slab Parallel
between Beam 3 and
, North Beam
3 11.43 cm 4.5in Midspan of Beam 3 Perpendicular
4 10.16 cm 4.0 in Midspan of Beam 3 Parallel
5 1.27 em 0.5in Midspan of Beam 3 Parallel
6 13.97 cm 5.5in Midspan of Slab Perpendicular
between Beam 1 and 3
7 11.43 cm 4.5in Midspan of Slab Parallel
between Beam 1 and 3
8 . 10.80 cm 4.25 in Midspan of Beam 1 Perpendicular
9 10.16 cm 4.0in Midspan of Beam 1 Parallel
10 2.54 cm 1.0 in Midspan of Beam 1 Parallel
11 10.16 cm 4.0in Midspan of Beam 4 Parallel
12 0.76 cm 0.3in Midspan of Beam 4 Parallel
13 12.7cm 5.0 in Midspan of Beam 2 . Parallel
14 1.27 cm 0.5in Midspan of Beam 2 . Parallel
15 13.97 cm 5.5in At support between Perpendicular
Beam 3 and 4
16 12.7 cm 5.0in At support between Parallel
Beam 3 and 4
17 1.27 cm 0.51in At support between Parallel
Beam 3 and 4
24




CHAPTER 4

PRE-STRESS LOSSES AND TIME-DEPENDENT
CONCRETE BEHAVIOR

4.1 Introduction

As described in chapter one, the initial tensile force applied to the strands and
transferred to the concrete as a compressive force undergoes some losses. There are two
methods of estimating these losses. One is the lump sum method; this method is widely
used in civil engineering. Its main objective is defining the total loss. The lump sum
method represents the losses as one value since the application of jacking stress. The
other méthod is the detailed calculation of the Vérious components of the total pre-stress
loss. A full understanding and detailed calculation of all the components of the loss is
performed and summed in order to compute the total pre-stress loss. The objective of this
chapter is to elucidate the various equations incorporated into this study in order to
capture the pre-stress concrete behavior. Since one of the main purposes of this study is
the computation of time dependent pre-stress loss, it is very important to also show the .
effect of the pre-stress loss on the pre-stressed member behavior. A more detailed

discussion on the pre-stressed concrete losses is discussed in the following section.

25



4.2 Total Pre-Stress Loss

AASHTO lump sum losses for the different types of pre-stressing steel is
presented in Table 4-1. They depict the total pre-stressing loss in terms of one value.
These values do not show any of the contribution of the various elements that make up
the total pre-stressing loss. In order to apply Table 4-1 on any project, the design must
meet some criteria. These lump sum values are applicable only under standard conditions
of loading, types of concrete, construction procedures, and enviro11m¢ntal conditions.
The use of these lump-sum values in design does not allow for the inclusion of the time-

dependency of the concrete behavior directly.

Table 4-1 AASHTO LUMP SUM LOSSES

Types of Total loss

Pre-stressing fc’ = 4000 psi fc’ = 5000 psi

Steel (27600 KN/m?) (34500 KN/m?)

Pre-tensioning strand 45000 psi

(310000 KN/m?)

Post-tensioning 32000 psi 33000 psi

Wire of strand (220000 KN/m%) (228000 KN/m?)
» 22000 psi 23000 psi

Bars (152000 KN/m*) (159000 KN/m?*)

Another method of computing pre-stress losses presented is the detailed method.

Unlike the simple lump sum estimate of the pre-stress losses, this method involves the
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computation of each element of the total loss. The summation of the various elements of
the total pre-stress loss can be expressed in one simple equation.

Apr:= Afpgs + Afpr + Afpcr + Afpsy 4.1)
Where Afpgs = the change in stress due to elastic shortening

Afppr = the change in stress due to steel relaxation

Afpcr = the change in stress due to creep

Afpsy = the change in stress due to shrinkage

Afpr = Afpr(toste) + Afpr(tints)

t,= Time at jacking

t, = time at transfer

t, = time at stabilized loss
This method which is time related starts with the first time interval between (to) and (ty)
and so forth. One important aspect of equation (4.1) is the separation of instantaneous
and time dependent losses. The instantaneous losses are elastic shortening and a part of
the steel relaxation. Subtracting the instantaneous losses from the initial jacking stress
results in the initial pre-stress as shown in the following equation.

fpi = fpj - Afpr(to,trr) - Afpes (4.2)
Where fpj = Pre-stress at jacking. In order to compute the actual amount of pre-stressed
concrete loss, both instantaneous and time dependent losses should be calculated. In the
subsequent sections of this chapter, instantaneous elastic shortening and time dependent

pre-stress losses are discussed in more details.
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4.3 Instantaneous Losses

Instantaneous losses are losses that occur immediately after transfer. The
compoﬁents of the instantaneous losses are dependent on the method of pre-stressing. In
pre-tensioned sections, they consist of elastic shortening and initial steel relaxation. In
post-tension, the instantaneous losses include elastic shortening, anchorage and frictional
loss. Elastic shortening is a main component of pre-stress loss. In the following section,

elastic shortening will be explained in further details.

4.3.1 Elastic Shortening

The transformation of stresses from the steel tendons to the concrete in the
members results in some longitudinal deformation. This deformation is known as the

elastic shortening of the member. It is defined through the following equations:

f P
E :——C—:——l——— 43
ES Ec AC *Ec ( )

.In the case of pre-tensioned concrete, it is commonly assumed that the application
of the strands’ stress to the concrete section takes place at one time. At that instantaneous
time, some initial loss in stress occurs. This loss in pre-stress at that initial time is termed
the elastic shortening loss. The following equation expresses the relationship between
the change in stress and elastic shortening.

Afpgs =€ *Eg =n *fes 4.4)
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noLs (4.5)
EC
P
Jes = N (4.6)

The instantaneous pre-stress loss value is an essential component in pre-stress
concrete design. The total pre-stress loss consists of both instantaneous and time
dependent pre-stress loss. The time dependent losses consist of various components.
The separation of these components is of major importance in this study. ’fhe time

dependent pre-stress loss and its separate components will be discussed next.

4.4 Time Dependent Pre-stress Loss

Time dependent pre-stress loss embodies inter-related components. These
components consist of creep, shrinkage and steel relaxation. Interest for accurate
calculation of the various components has grown lately in the area of pre-stress concrete
design. Various institutes have realized the importance of separating the various
components of pre-stress loss. In the subsequent sections the methods of the PCI and

ACI for determining the time-dependent pre-stress loss will be presented.
4.5 Zia-PCI Committee Approach

The PCI committee® has studied and researched time dependent losses. Stress

loss was put to the test in some pre-tensioned and post-tensioned specimens. The

29



different components of losses were expressed and will be shown later in this chapter.

© These losses were done with respect to time. Each component of the total pre-stress loss
~ was expressed in a way to capture its time progression within the members. This method

" of computing losses with respect to time allows engineers to better depict the various

critical stages of the structure’s life. Some of the different stages of significance in the

concrete structure’s existence are as follows: The first stage is at the time of pre-stressing;

 the second stage is When additional weight (Superimposed dead loads and live loads) is

imposed on the concrete member; the third stage is the behavior of the member between

the preceding stages expressing the time-dependent behavior and; the last stage is up to

_ the end of the service life.

4.5.1 Loss Due to Creep of Concrete

Loss due to creep is explained in chapter one and mathematically defined in this
simple equation:

CR = (UCR)(SCF)(MCF)*(PCR)({.’) 4.7
Where £, is the compressive stress of concrete at a specific time period.
e Ultimate loss due to creep of concrete (UCR):
¢ UCR for moist cure not exceeding 7 days is shown in the following equation:

UCR =95 20 *Bc /10> 11 (4.8)
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e Size and shape factor (SCF) is computed experimentally resulting in different factors
depending on various volume to surface area ratios. Table 4-2 shows some of these

findings.

Table 4-2 SCF for the various Volume to surface areas ratios.

Volume to surface area ratio SCF

1.05
0.96
0.87
0.77
0.68
>5 0.68

LU, TN S UL Y S

e Effect of age at pre-stress and length of cure (MCF)
The creep factor (MCF) is affected by both the age of the concrete when the pre-
stressing force is transferred and by the curing time of concrete in days. Table 4-3 shows

some of these values.

Table 4-3 Creep factors for various ages of pre-stress and periods of
cure.

Age at pre-stress Period of cure Creep factor
Transfer, days days MCF

3 3 1.14

5 5 1.07

7 7 1.00

10 7 0.96

20 7 0.84

30 7 0.72

40 7 0.60
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e Variation of creep with time (AUC):
Table 4-4 shows some of these variations. These creep variations depend on the

time after pre-stress transfer. For any specific day in between the listed days on this

Table, Linear interpolation may be used.

Table 4-4 Variation of creep with time (AUC)

Time after pre-stress Portion of
ultimate

Transfer, days Creep, AUC
1 0.08
2 0.15
5 0.18
7 0.23
10 0.24
20 0.30
30 0.35
60 0.45
90 0.51
180 0.61
365 0.74
End of
Service life 1.00

e Amount of Creep over each time interval (PCR):

In order to account for the time interval change of ultimate creep PCR,

equation (4.9) should be used. AUC can be achieved from Table 4-4.

PCR = (AUC), - (4UC),, | o (4.9)
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4.5.2 Loss Due to Shrinkage

Shrinkage as defined in chapter one is the loss of excess water in concrete
members. This loss of water occurs as time progresses. Its effect is higher at the early
age of the concrete and diminishes as the concrete ages. This relation is due to the fact
that as concrete ages there is less excess water since most of it would have already
evaporated.

SH = (USH)*(SSF)*(PSH) (4.10)
e Ultimate loss due to shrinkage of concrete (USH):

For normal weight concrete USH is defined to be the following equation:

USH = 27,000~ 3,000 2€- > 12,000psi (4.11)
10 :

* For normal lightweight concrete USH is defined to be the following equation:

USH = 41,000 —10,000 v B >12,000psi (4.12)
108

o Effect of size and shape of the concrete member (SSF):

Size and shape factor is a major component of the shrinkage value. Bigger
concrete members posses more water which lead to more water evaporation. On the
other hand, smaller surface areas enable the concrete member to contain more water for a
longer time period before it evaporates. Therefore, as the member’s volume to surface
ratio increases, the SSF will decrease leading to a decrease in the amount of shrinkage

loss. This relationship can be observed in Table 4-5.
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Table 4-5 Volume to Surface Area Ratio vs. SSF
Volume to Surface

Shrinkage factor

Ratio, in. SSF
1 1.04
2 0.96
3 0.86
4 0.77
5 0.69
6 0.60

e Amount of shrinkage over each time step (PSH):

As time progresses excess water evaporates. Water evaporation is dependent on
many factors as explained in chapter one. One of which is time. Every day some amount
of water leaves the concrete. The rate at which water escapes the concrete’s composition
decreases with time making excess water diminish. PSH is the difference in the variation
of shrinkage between sequential time periods. The following equation shoWs the
1'elationship between the variation of shrinkage with time and arﬁount of shrinkage over
each step.

PSH = (AUS): - (AUS):.1 (4.13)
Values for the variation of shrinkage with time are shown in Table 4-6. Linear

interpolations may be used for the unlisted values.
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Table 4-6 Time after end of curing vs. portion of ultimate shrinkage

Time after end Portion of ultimate
of curing, days shrinkage, AUS
1 0.08
3 0.15
5 0.20
7 0.22
10 0.27
20 0.36
30 0.42
60 0.55
90 0.62
180 0.68
365 0.86
End of Service life 1.00

4.5.3 Loss Due to Steel Relaxation (RET)

Along with some of the factors that affect steel reléxétion such as the initial pre-
stressing force and elongation time is the type of strand used. The type of steel used
affects the magnitude of steel relaxation. For any type of steel, tensioned steel tends to
relax with time. As time progresses, this relaxation reduces the initial pre-stressing force.
In looking at the following steel relaxation equations, it becomes apparent that the steel
relaxation is a function of various factors. Among these factors are time, initial stress of
steel, and the stress at a specific time.

For stress relived steel, RET is computed using the following equation:

S [log24t —log 24¢,] *(15'——0.55) (4.14)

RET =
10

by
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Where

Js _ 0.55>0.05

py

fpy _= 085 * fpu
For low-relaxation Steel, time dependent loss due to steel relaxation is computed using

the following equation:

24f —
RET < Jullog24 log24l‘1]*(f51 —0.55) (4.15)
45 o
Where
is:_ -0.55>0.05
»y
fpy = 090 * fpu

4.6 Implementation of the PCI Approach in the Gandy Bridge Project

In previous research done at the University of Central Florida®, codes’
implementation in the Gandy Bridge Project did not account for the time dependency of
pre-stress losses. It is vital in this study that field obtained pre-stress loss is compared to
code findings that account for time-dependency. The PCI committee’s research on time-
dependent pre-stress loss captures the very same idea of this study. Its main purpose was
to investigate the magnitude of the contributions of the various components of time
dependent loss. In order to use the tables presented earlier on creep, shrinkage, and stee!

relaxation for any structure, many aspects about the design of the structure should be
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known. Some of the most important aspects for calculating the various components of

time dependent pre-stress losses are the type of concrete, curing time, weight, volume to

surface ratio, and age of concrete at pre-stress transfer. In this study, These are available

in the design report of the Gandy Bridge Project“. These values were computed for

Beams 1 and 4 in this study, and are listed below.

e V/S=3.7275 which results in SCF of 0.79725 and SSF = 0.794525

e Age at pre-stress transfer = 5 days & period of cure =5 days. These value give an
MCEF value of 1.07

e Values of the ultimate creep and shrinkage vary with time. These values were
computed from Table 4-4. Ages such as 4, 14, 28 days and so forth were not
mentioned in the tables. Linear interpolation was used for their calculation.

In the previous work at the University of central Florida on: pre-stress losses®, it
was determined that values of losses are not only dependent on ﬁme but also on the
location within the depth of the concrete girder. As explained in chapter one, there were
different strain gages placed at different depths of the concrete girders. The strain gage
readings that have been collected throughout this project was carefully studied, and pre-
stress losses for different gages were deduced. Plots of the pre-stress losses for the

various depths will be shown and discussed in the next chapter.
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4.7 ACI Committee 209 Approach

ACI Committee 209 considers time-dependent pre-stress losses in its approach
also®. It divides losses into several categories. The ones of most concern for this study
are the time dependent losses for a pre-tensioned element. These losses are creep,
shrinkage and steel relaxation. Computation of each time dependent pre-stress loss
component was done using the ACI suggested formulas. The ACI formulas that were
used in this study were done to depict the stress losses in the members with respect to
both time and location. In comparison between the use of both ACI and PCI equations,
both methods were done to capture the pre-stress loss with respect to time, location and

depth.

4.7.1 Losses Due to Creep

Creep is the deformation of the concrete member or flow of materials in the
lateral direction due to longitudinal stress. Creep coefficient can be easily obtained from
equation (4.15). In this equation the amount of ultimate creep is taken as the ratio of

creep strain to the elastic strain.

Cu =S | (4.16)
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Time is an important determinant of creep. In order to find the amount of creep at
different times, the magnitude of ultimate creep is multiplied by a time factor. Equation

(4.17) illustrates the relation between creep at a specific time period and ultimate creep.

t0.6

:m*c (4.17)

u

c@®

An average value of ultimate creep suggested by the ACI code is 2.35. Once the creep
coefficient at any date is known, the loss in pre-stress due to creep can be comiouted. The
change in the magnitude of pre-stress in a bonded member due to creep is the
multiplication of the creep coefficient at a specific day by both the ratio of the modulus of
elasticity of steel to concrete and by the stress of the concrete at the steel level. The
following equation illustrates the method of computing the change in stress due to creep.

C,*E I
Afpey = —t—ELS*ch ‘ (4.18)
c , .

Where fcs is the stress in the concrete at the level of the tendons’ centroid.
4.7.2 Losses Due to Shrinkage

ACI 209 R- 92 findings on shrinkage play an important role in pre-stress concrete
design. One of its findings was that 80 % of this loss occurs in the first year. Another
was that the averagé ultirriate. shrinkage strain in both moist and steam-cured concrete
was given as 780 * 10 in/in. This value is affected by many important components.
Some of the components are the length of initial moist curing, ambient relative humidity,

volume to surface ratio, temperature, and properties of concrete mixture. In order to
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account for all these components, a correction factor is used to multiply the ultimate
shrinkage value as shown in the following equation.

esu=780 * 10 ysy (4.19)
Adjustment to the ultimate shrinkage equation to reflect the losses as a function of time
can be obtained from two different equations:
One is for moist curing in seven days, as shown in the following equation:

t o
Esu = 3517 *(Esu )y (4.20)

The other is for steam curing after one to three days, as shown below:

t
:‘5;;*(55}1)0 (4.21)

Esn

4.7.3 Loss Due to Steel Relaxation

In pre-tensioned concrete, the steel tendons are under constant elongation. As
time progresses the magnitude of the stress in the steel decreases. This stress reduction is
dependent on the elongation time, the initial pre-stressing force and the type of tendons
used as discussed in chapter one. The ACI code limits the tensile stress in the tendons as
shown below.

e At jacking, the jacking force f,; = 0.94 f,y, but not greater than the lesser of 0.80 f,,
and the maximum value suggested by the manufacturer.
e At pre-stress transfer, f;; = 0.94 f,y, but not greater than 0.74 f,..

ACIT uses the following equation to find the steel relaxation loss.
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Afpr = [Kre =T (prs + prR + fpSH)] *C (4.22)

Where Kre, J, and C values are given in Tables 4-7 and 4-8.

Table 4-7 Values of C

Fpi /fpu Stress-relieved Stress-relieved bar

Strand or wire or
Low-relaxation

Strand or wire

0.80 1.28
0.79 1.22
0.78 1.16
0.77 1.11
0.76 1.05
0.75 1.45 1.00
0.74 1.36 0.95
0.90 0.73 1.27
0.72 1.18 0.85
0.71 1.09 . 0.80
0.70 1.00 . 0.75.
0.69 0.94 -~ 0.70
0.68 0.89 0.66
0.67 0.83 0.61
0.66 0.78 0.57
0.65 0.73 0.53
0.64 0.68 0.49
0.63 0.63 0.45
0.62 0.58 0.41
0.61 0.53 0.37
0.60 0.49 ©0.33
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Table 4-8 Values of Kre and J

Type of tendons Kre J

270 Grade stress-relieved

strand or wire 20,000 0.15
270 Grade stress-relieved

strand or wire 18,500 0.14
240 or 235 grade stress-

relieved wire 17,600 0.13
270 Grade low-relaxation

strand 5,000 0.040
250 Grade low-relaxation

wire 4,630 0.037
240 or 235 Grade low-

relaxation wire 4,400 0.035
145 or 160 Grade stress-

relieved bar 6,000

0.05

4.8 Implementation of the ACI-209 Approach in the Gandy Bridge Projéct

The implementation of the ACI equations to the Gandy Bridge project was done
for this study. The various components of pre-stress losses were computed. In tﬁe
process of calculating those components of pre-stress losses, various design
specifications were needed. Some of the design specification that played a role in the
computation of 1osses were the type of tendons, the curing time and the ratio of the initial

to the ultimate pre-stressing force.
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4.9 Concrete Stress Computation in Pre-stressed Members

The concrete stress in any pre-stressed member can be divided into three
components. The sum of all three, fpre.strESS + fwEIGHT T fcomposiTEs equals the total
concrete stress in the member. fporp.stress 1S the stress caused by the pre-stressing
element. The transfer of the strand applied force to the concrete causes the concrete
member to have stress variation within the depth of the concrete member.  Due to
eccentricity of the strands, the stress caused by the strands on the concrete member
counteracts the other stresses on the same element. fwgicur + fcomposiTe are the stresses
due to the weight and composite loads respectively. The dead load stress of the member
causes the member to be in compression at top and tension at the bottom. The following

equation shows the summation of the various components of stress in the girders.

f. = fpre-sTRESS + fwEIGHT + foMPOSITE ' ' (4.23)
e e -C,
/ PRE-STRESS — % - = ( jffEL )) Depth> c2 (4.24)
P e C,-e
Sere-strsss = j 1+ — ( 3 s ) Depth< c2
. r
_ * M e
Sweiour =—12%(D-C3) 7 Depth> ¢c2 (4.25)
BEAM
% *M B;’iAM
Swsiorr =12%(C, — D) *—== Depth< c2
BEAM
M
Seomross-=—12%(D—-C3) *_COMP Depth> ¢2 (4.26)

COMP

43



M
Seomposis - =12*(C, — D) * GO Depth< c2

COMP
4.10 Camber and Deflection of Concrete Members

Due to the eccentricity of pre-stressing strands in the pre-stress concrete members,
the initial pre-stressing force applied causes a negative deflection, i.e., camber, which
produces a convex upward surface. In bridge design inadequate adjustment for camber
values may cause uneven ridding surfaces and construction problems. The initial pre-
stressing force decreases with time due to time dependent pre-stress losses causing its
contribution to the initial magnitude of camber to decrease as well. On the other end of
the spectrum, there is deflection. The Weight of the concrete members, the superimposed
dead load and life load cause the strucjture to deflect. A large magnitude of deflection is
as undesirable as a large amount of camber. Computation of camber and deflection at
different stages of construction and the structure’s life is essential. In this study, the
Approximate Time-Steps Method is used for calculating both positive and negative

deflections as a function of time.
4.11 Approximate Time-Steps Method

The Approximate Time-Steps Method'® is simplified to deal with the various

time-dependent factors that make up the total deflection. These time-dependent factors
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were mentioned earlier in this chapter and will be discussed in more details in this section
in the context of camber and deflection. The summation of all these factors result in the

total deflection which is achieved through the following equation for non-composite

sections:
8t =8, [1-Ap/po + (1-Ap/2po )(k: Co)] + 8p [1+ k; Ci] +8sp [1 + Ka ke Cif + 8L 4.27)

Equation (4-27) consists of four different portions. The first portion is 8, which is the
camber caused by pre-stressing alone. The second is, 8p, the deflection caused by the
dead load. The third is, 8sp, the deflection caused by the super-imposed dead load. And
the last is, 8;, the deflection du@ to live load. The upward errors in equation (4.27)
represent carﬁber, while the downward errors represent deflection. In Chapter 6 of this
report, more detailed information will be presented, regarding the implementation of this
Time-Steps Method by accounting for composite action. The following two sections deal

with both camber and deflection separately.

4.11.1 Camber

The method used to compute the amount of camber caused by pre-stressing
involves the stresses and strains of the top and bottom of the girder. The eccentric

compressive force applied to the concrete section causes different stresses at the upper
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and lower part of the section. These stresses are used to calculate the camber of the
girders at various depths.

The required sets of concrete stress equations can be calculated using the effective
top and bottom stresses at various times. Since loss is a time dependent factor, the
effective pre-stressing force must have that characteristic as well. As time progresses, the
amount of loss increases leading to a decrease in the effective pre-stressing force. This
decrease affects the behavior of the concrete section. Any effective pre-stress force
miscalculations will result in different values for the top and bottom stresses of the
section. In order to compute these stresses, the section properties must be known.

Equations used to compute the stresses at both top and bottom at the mid-span are as

follows:
=P g *C'
Jrop = y =H1- STEErLz ) : - (4.28)
- *
Jsor = APe A+ eSTEE;z %) (4.29)

(4

Equation (4.28) and (4.29) depict the stresses due to the compressive stress from
the steel alone and not the stresses due to the weight of the concrete section.

The top and bottom stresses are also calculated at the support section yielding

almost identical equations. The following equations capture the top and bottom stresses

at the end section.

-P e *C
Jrop =—H1-—"57) (4.30)
A, r
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_])e €,
Joor = y L+

(4

e
rzcb) (4.31)

The main difference between the mid-span and support pre-stress equations is the depth
of the steel centroid, egee. Since a combination of straight and double depressed steel
strands were used in this project, the distance to the steel centroid differs at both the mid-

span and ends of the section.

The stresses at the top and bottom are then divided by the time dependent
modulus of elasticity resulting in the extreme fiber strains g, €p and &, €p. The
following equations show the computation of the concrete strains at both the mid-span

and support respectively.

At mid-span:
£ = /;— | | | (432)
P % (4.33)
At support:
g = ]; (4.34)
Ep = jj;fb ' ' (4.35)

Assuming the distribution of the strain across the depth of the section is linear, the

curvature can be computed from the following equations:
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g =—L < (4.36)

g (4.37)

¢e

Computing the magnitude of camber is done using equation (4.38) or (4.39). These
equations depict the calculation of camber based on the curvature in the concrete. The
amount of curvature of the section at both mid-span and support is a major factor in this
equation. Another factor that affects camber is the profile of the steel in the concrete
member. Different equations are used to account for the profile of steel in the concrete
member. FEtuation (4.38) represent the magnitude of camber based on a double-
depressed pre-stress beam. While equation (4.39) shows the camber magnitudes for a

straight pre-stress concrete section.

5, 1= 4.+ (=g % 4.38)

5 T=¢, ési (4.39)

Where L is the length of the section and a is the distance from the support to the first
depressed point. The implementation of this equation for the Gandy Bridge with doubly

depressed and straight strands is discussed in chapter 6.
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4.11.2 Deflection

Computation of the amount of deflection is divided into three parts. All three
parts cause the girders to deflect downwards. The first downward deflection is based on
weight of the girder itself, the second is the deflection due to the superimposed dead and
additional weight and the third is based on the live load. All three components of the
downward deflections should be computed separately.

In a simple span bridge, the dead load contributions of deflection are computed
using the same formula. This formula is affected by the time-dependent modulus of
elasticity and moment of inertia along with the weight of the girder and the length of the
span. The following equation was used to compute the magnitude of the various

attributes to dead load deflection:

7 % 74
5:_S_M_ (4.40)
384*Ec *Ig

If the magnitude of camber from pre-stressing is higher than the magnitude of
deflection, the member cambers up. On the other hand, if the last statement was the

opposite the member will deflect down.
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Chapter 5

MEASURED VS. CODE’S PRE-STRESS LOSS

5.1 Introduction

A great deal of strain measurements was obtained from the strain gages embedded
into the girders of the Gandy Bridge. During this Project, strain measurements were
studied at various times. Some of which included, the initial days of the project, the
application of the superimposed dead load, one-year from casting, along with some other
intermediatefz days. For each day, strain and temperature readings were collected for
different hoﬁrs. The hours that reflected the most reasonable and consistent samples of
measurements were chosen for this study. The entire display of the specific days and
hours selected for this study can be seen in Table 5-1. From the strain readings achieved
for the various days of interest, time dependent pre-stress losses were calculated after
correcting for temperature effects both locally and globally. Local temperature
corrections involved gage corrections specified by the manufacturer, while the global one
included correction from expansion and contraction of the concrete for each time interval
in the girders. The various components of time-dependent pre-stress loss were then
determined from these measurements, and compared with pre-stress loss from various

codes. Numerous plots were made to determine the difference between various findings.
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The Time-Dependent nature of the measured loss values were compared with

those obtained from time dependent approaches of Zia-PCI® and ACI Committee 209°.

5.2 Factors Effecting Pre-stress Loss

There are various factors that effect pre-stress loss. Among these factors are
weather conditions, member shape and properties of the material composition. Relative
humidity has a major effect on the amount of pre-stress loss. Under very humid
conditions, the amount of water evaporation from the concrete member may be very
small. Volume to surface ratio is a factor affecting the amount from water loss of the .
section also. Time is a major factor as well, and plays a significant role in pre-stress loss
determfnation. The various times in days selected were introduced in the preceding
section.. Due to changes in the concrete as time progresses, the material property of the
section undergoes some alterations. Adjustment to the modulus of elasticity of the
section must be applied to reflect this change with respect to time. In time step
calculation of pre-stress losses, a specific value of the modulus of elasticity can not be
used. In order to account for the change with time, the value of the modulus of elasticity
should be calculated with respect to age of concrete. The following equation depicts the

modulus of elasticity as a function of time’?.

1

28 o5 5
E(H)= {e‘““‘T’ ”]2 *E,(28) (5.1)

S = coefficient factor depending on the type of cement = 0.2 for this project
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The modulus of elasticity of concrete at 28 days for normal-weight concrete can be

estimated by:

J.

1

E,(28) = 21,500 % (£2)3

fcmo

=10 Mpa

cmo

Table 5-1 Sample of the gauge and temperature measurements.

Age (Days) Gage Temp.
After Prestress |Concrete Ec(t) Date Time G7 T7

0 12/26/95 700 2512.7] 48.078
0.125 5.125| 3900.662| 12/26/95 1000{ 2253.9] 50437
1 6| 3970.377] 12/27/95 1700 2120/ 60.052

2 7| 4034.514] 12/28/95 100 2118 53.048

3 8| 4086.966| 12/29/95 1600| 2106.3| 61.497

7 12{ 4229.709 1/2/96 1000{ 2030.2] 67.576

14 19| 4364.442]  1/9/96 600/ 2023.4| 35.565
28 33/ 4494.132| 1/23/96 1000{ 1896.3] 57.657
50 55| 4588.417| 2/13/96 1000] 1819.6 48.04
60 65]4614.727| 2/24/96 800| 1781.3] 66.682
90 95| 4667.371| 3/20/96 800| 1734.6] 55.934
120 125] 4699.975| 4/30/96 700] 1629.6] 69.985
150 155]4722.713] 5/24/96 800 1603| -78.557
180 185) 4739.738 6/12/96 1200] 1599.2] 80.797
240 245| 4763.961| 8/21/96 0| 1248.2] 81.208
240 245| 4763.961] 8/21/96 600/ 12449/ 80.175
270 275/ 4773.008]  9/6/96 1200 1237.7| 85.928
300 305 4780.699| 10/21/96 1200] 1246.8/ 78.172
330 335 4787.341| 11/20/96 0| 1287.4] 72111
360 365| 4793.154| 12/13/96 0 1247| 65.961
390 395] 4798.298| 01/14/97 600 1250.2 55.264

5.3 Total Pre-stress Loss deduced from Measured Data

(5.2)

The attained readings from the strain gages embedded in the girders contain

several components. Temperature and weight effects are some of the components that
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are included in the strain values achieved. In order to compute the change in the strain
values due to pre-stress loss solely, strains due temperature and weight effect need to be
separated from the achieved readings. Once these changes in strain values are compu;ced,
calculating the total pre-stress loss of the pre-stress element becomes an easy task.
Through the following equations the computation of the change in both instantaneous and
time dependent strains become more understandable.
A€nstantaneous = AETotal - ASTemperature (53)
A& Time-Dependent = AETotal - A€Temperature - AEWeight effect (5.4)
The total change in strain, Agrr, i determined from summing the product of the
difference in the temperature readings and the manufacturer provided correction factor, to
the difference in strain readings as shown in the following equation:
Aerory, =(&,—&,)+ (T, -T,,)*6.78 ' (5.5)
As obtainéd from the straiﬁ gages shown n Tablé 5.1; (e) is the strain reading in
micro-strain and (T) is the temperature in degrees Fahrenheit. Subscripts such as (t) and
(o) and (t-1) represent time. The subscript (t) is any time, (t-1) is the preceding time from
(t) and (o) is the initial time or a reference time. The factor used in equation (5.5) is the
coefficient of thermal expansion of the steel used for the vibrating wires in the strain
gages.
From equation (5.3) the effect of the temperatlire change on the strgin
measurement was subtracted from the total change in the strain of the member. The
temperature change at this stage of the data processing serves as the global temperature

correction. In equation (5.4), the effect of both temperature and weight effect change on
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the strain measurement were subtracted. The following equations show the method of
computing both strain defiling components.

A€Temperature = (Ti— Te) *5.5 (5.6)

_ .f;vieght—eﬂ'?d % 105 _ »fwieght——effect * 106 | (57)

A&yp61-prrecT =

C(1) EC(t-l)

In contrast with the instantaneous strain change, the time dependent strain is
affected by the change in strain due to the weight effect. The change in strain due to
weight effect is partially shaped by the time dependency of the modulus of elasticity and
by the change in strain due to the weight. The main equation that is used to determine
A€ weight effect 1S shown in equation (5.7). This equation captures the difference bet\_zveen the
strain at a specific time and the strain at the proceeding time. fweiGHT-EEFECT 1S the stress
due to the self weight of the member. Ecyy and Ec .1y are the modulus of elasticity of the
concrete at a specific time and its preceding time respectively.

Once the change in strain due to global temperature effect is subtracted from the
total strain, the instantaneous strain is known at the time of transfer of stress from the
strands to the concrete member. The instantaneous pre-stress loss is then easily
computed by the simple equation of multiplying the modulus of elasticity of the steel by
the change in strain in the concrete member to achieve the change in stress in the steel.
This is enabled by the assumption that the bond between the steel and the concrete is
strong enough. For the time dependent losses, the strain due to weight effect shduld also

be computed and subtracted from the total strain as well as the strain due to temperature.

Therefore, in comparison to the method of computing the instantaneous loss, the method
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of computing the time dependent pre-stress loss is the same, except for the addition of
subtracting the change due to weight effect from the total strain. The equa_tion used for
expressing the pre-stress loss of the steel at any day is equal to the product éf the change
in the concrete strain and the modulus of elasticity of the steel as shown in equation (5.9).

Pre-stress loss of steel = Ag * E; (5.9)

For the losses from field measurement, the instantaneous loss due ‘to the initial
steel relaxation is included along with the loss due to elastic shoﬂening in what is
referred to as the Immediate Loss. For the time dependent losses, one must note that
instantaneous loss such as elastic shortening becomes the initial loss or reference
benchmark used for reducing this portion of the data. In the following figures, the pre-
stress loss is plotted at both mid span and at 1.52 m away from the support for both
Beams 1 and 4.

Figure 5-1 shows the relationship between the pre-stress loss and depth of Beam 1
at the mid-span for various days (i.e. the apparent pre-stress loss). The loss is increasing
from the top to the bottom of the girder. Pre-stress loss comparison of the AASHTO and
ACI-PCI codes for various days considered in this project, such as 150, 240, and 390
days is depicted in this figure. The apparent slope of the pre-stress loss at 390 days is
much steeper than at 150 days. This behavior of the section is expected. When
additional weight is imposed on a pre-stressed sectioﬁ, some tensioning or less
compression occurs at the lower part of the section allowing the steel to regéin some of

its stress. The codes’ findings seem to be very conservative when studying the mid-
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section of the beam, especially since close to 80 % of the loss is expected to have
occurred in the 1* year.

Figure 5-2 shows the relationship between the apparent pre-stres;c, loss and depth
for Beam 4 at 1.52 m away from the support at specific days. Similar to the mid-section
of Beam 1, the loss is increasing from the top to the bottom of the girders. However, at
1.52 m, the apparent slope of the apparent pre-stress loss distribution after the formation
of the composite section is not necessarily steeper than for the girder itself. This is
attributed to the beam acting as a simple beam at the supports with little or no moment
effect from any additional superimposed load. The apparent pre-stress loss.seems to be
much closer to the codes’ findings at the bottom of the girder in this case. It can be
observed that the codes suggest a one value pre-stress loss across the section. The codes’

losses are based on the maximum pre-stress loss of the section.
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Beam 1 at age - 150,240,240,390 days Cross Sectional Variation Plot

| 2500 1
9 s 20001 o150y
| . .
' ) | ‘:/'/‘ % 240+Skb
g ) ’ 1500+ —A—240+AW
’ 'E "—@— 390 Days
| s > " 1000+ |—¥—AASHTO
< . |[—e—soPal |
P 500 |
|
> ;
: i - <> . Bl A - s ; TR . _OAQ,
450 400 350  -300 250 200 -150 100  -50 0
Prestress Loss (Vpa)

|

Figure 5-1: Apparent Pre-stress Loss Based on Strain Reading for Beam 1 at Mid-Span.
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Beam 4 at age - 150,240,240,390 days Cross Sectional Variation Plot
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Figure 5-2: Apparent Pre-Stress Loss Based on Strain Reading for Beam 4 at 1.52m.
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5.3.1 Ratio of Time-dependent Loss to Initial Pre-Stressing

The ratio of the effective pre-stress to the initial pre-stress is symbolized with

letter R as shown in the following equation:

f
R==£ 5.10
3 | (5.10)

Where f,, = f, —loss

Subtracting equation (5.10) from 1 will yield the ratio of the time-dependent pre-stress

~ loss to the initial pre-stress. One must keep in mind that the initial pre-stress is equal to

the jacking stress minus the immediate or instantaneous loss. Viewing this ratio in terms
of a percentage allows structural engineers to better understand the amount of loss with
respect‘ to the initial pre-stressing force attributable to time-dependent effects. The
following equation shows the transformation of equation (5.10) to depict the percentage

of the time-dependent loss in any structural pre-stress member since the strands were cut:

_fpi_fpe _loss

1-R
fpi fpi

*100% (5.11)

The implementation of the ratio of equation (5.11) into the sections of the Gandy
Bridge is plotted in the subsequent figures. These raﬁos are computed across the various
depths of the beam. Two specific days were selected for thé study. The 150 and 390-day
marks represent two significant stages in the project. At the 150-day mark, the slab and

superimposed dead load were not yet a part of the bridge. At the 390-day mark, the
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bridge included all superimposed dead loads. Along with the comparison between the
two specific days of the project, comparison with the AASHTO and ACI-PCI code
limitations is done for both figures. |

Figure 5-3 represents the ratio of the apparent time-dependent loss to the initial
pre-stressing at the mid-span of Beam 1. The marginal difference between the ratios at
both days decreases from the top to the bottom of the member. At 150—dé1ys, the loss is
increasing with depth. At 390-days, composite action had been applied causing the
bottom portion to regain some of the losses hence, the loss decreases with depth.

Figure 5-4 represents the ratio of the apparent time-dependent loss to the initial
pre-stressing of Beam 4 at 1.52m away from the support for various depths. The
marginal difference between both days increases from the top to the bottom of the beam.
At 390 days, the loss ratios at the lower part of the section are much higher than at the
top. The value of the maximum ratio is 19.4 % and occurs at the lower part of this beém.
In comparison with the mid-span of beam one, it is apparent that the ratios of losses to the
initial pre-stressing are greater in the support region after the composite section is

formed.
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Figure 5-3: Apparent Pre-Stress Loss to initial Pre-Stressing ratio for Beam 1 at Midspa
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Figure 5-4: Apparent Pre-Stress Loss to initial Pre-Stressing ratio for Beam 4 at 1.52m.
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5.3.2 Comparison of Actual Loss and TDL Ratios to the Various Code Estimates

Instantaneous loss plays a major role in the total pre—streés loss. The magnitude
of the total loss is affected by both the instantaneous and the time-dependent
contributions. Elastic shortening is one of the instantaneous components affecting the
total pre-stress loss. The subtraction of the instantaneous loss enables us to capture the
Time-Dependent Loss in these structural members. The major ﬁhdings of both total and
time-dependent losses are important; however, comparison of these values with various
codes is necessary. Both these losses are divided by the code suggested values for total
and time dependent losses respectively.

Figures 5-5 and 5-6 depict the percentage of total and time dependent loss at 390
days based on the codes’ estimates for various depth of Beam 1 at the mid-span. The
percentage is an indication of the amount of loss that occurred wifh respect to the code
estimated values. For example, 90% of actual loss of the code estimate means that the
actual loss is 90% of what the code suggested the loss to be for this specific member.
From both figures, it is obvious that the code estimates for pre-stress losses are

conservative. The closest actual loss to code estimate is 83.19 % where the closest TDL

to code estimate is 74.75 %. On the other hand, comparison of percentage inconsistency

when subtracting the elastic shortening leads to the conclusion that both the ACI and

AASHTO codes underestimated the instantaneous losses and overestimated time

dependent losses.
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Figure 5-5: Ratios of Total Apparent loss to ACI-PCI and AASHTO of Beam One at
Mid-Span.
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Figure 5-6: Ratios of Apparent TDL to ACI-PCI and AASHTO of Beam 1 at the Mid-
span.
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Figures 5-7 and 5-8 depict the percentage of total and time dependent loss at 390
days based on the codes’ estimates for various depth of ]_j%eam 4 at 1.52m away from the
support. In Figure 5-7, it can be observed that the losses computed are very close the
codes estimates. 94.91 % of the codes estimate of loss.es had occurred. On the other
hand, Figure 5-8 shows less conservative values. Only 83.24 % of the codes estimate of
the TDL had occurred. Comparison of percentage inconsistency when subtracting the

elastic shortening leads to the conclusion that the code seems to underestimate elastic

shortening.

% of Total Apparent Loss at 390 days Over Code Estimates
Vs. Depth at 1.52m Beam 4

7] 31.33%
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'E
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a8 {OAASHTO

0.00% 20.00% 40.00% 60.00% 80.00% 100.00%

percent Loss

Figure 5-7: Ratios of Total Apparent Loss to ACI-PCI and AASHTO of Beam 4 at
1.52m.
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% of Apparent T.D.Loss at 390 days Over Code Estimates for
T.D.Loss Vs. Depth at 1.52m Beam4
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Figure 5-8: Ratios of Apparent TDL to ACI-PCI and AASHTO of Beam 4 at 1.52m.

5.4 Time-Dependent Factors Affecting Total Pre-Stress Loss |

As discussed earlier in chapter four, there are two types of losses. One is the
instantaneous loss and the other is the time dependent loss. Creep, shrinkage and steel
relaxation are the components that make up the time dependent pre-stress loss. In this
study two methods were used for computing these components. The first uses the
readings obtained from the strain gages. This rﬁethod is used to compute the net amount
of creep. The second uses the PCI Committee and ACI-209 methods of computing the
various time dependent factors of pre-stress losses. In the subsequent sections the two

methods will be discussed sequentially.
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5.4.1 Creep Using Data Obtained from Strain Gages

Creep has been defined as the deformation in the longitudinal direction under a
sustained load. Another way to illustrate the effect of creep is in terms of the creep
coefficient. Creep coefficient is the ratio of the strain due to creep at a specific time to an
initial strain due to elastic shortening. It is important to note that the creep measured in
this study may better be referred to as the effecﬁve creep. This is because the measured
values already include the effect of all the factors that possibly alter the creep value.
Both creep and shrinkage influence the strain readings of our data. In order to capture the
creep coefficient exclusively, the amount of strain due to shrinkage must be subtracted as

shown in the following equation:

Time—depemfent - gTime—dependent(due~ta-sh1'inkage) ( 5 12)
. ; .

instantan eous

£
Creep Coefficient =

Note that, in order to achieve & Temperature and weight effects were

Time~dependent
subtracted from the measured strain as discussed earlier in section 5.3.

Figures 5-9 and 5-10 show what we refer to as the effective creep coefficient
(Ce). This effective creep coefficient varies as a function of both time and depth. At
190.5 cm (75 in) from the bottom of the beam, the effective creep coefficient at 390 days
is approximately 2, where it is much smaller in value at the lower region of concrete
member. This variation may also be due to the .fact that the steel concentration is at the
lower part of the concrete section. The steel centroid at the mid-section of the beam is at

23.6 cm (9.29 in) from the bottom. Hence, the presence of the steel hinders the creeping
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action of the concrete. This effective creep coefficient obtained from equation (5.12) is
compared to the codes’ findings of both ACI-209 and PCI Committee, which are
computed at steel centroid only. It can be o:bserved that the effective creep coefficient, at
the strand level, measured from equation (5.12) lie in between the findings of both codes
(ACI and PCI). In the mid-span of Beam 1 the creep coefficient measured compares well
with PCI Committee at the early stages and. better with ACI-209 at much later times. At
1.52 m from the support of Beam 4, Figure 5-10, the creep coefficient at steel centroid
compares well with both ACI-209 and PCI committee. It is important to note that
although the sustained loading of the dead load changes after 240 days, the elastic effect

due to the addition of the superimposed dead load was removed at this juncture.

i Effective Creep coefficient Vs. Time for Beam 1 at Midspan
|
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Figure 5-9: Creep Coefficient Based on Strain Reading for Beam 1 at Mid-Span.
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Effective Creep Coefficient Vs. Time for Beam 4 at 1.52m
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Figure 5-10:..“Creep Coefﬁc1ent Based on Strain ReadmgfoxBeam 4at1.52m.
5.4.2 Effective Concrete Creep Modification Factors

To begin a process for implementation of effective creep coefﬁcient in design,
creep correction factor with respect to both time and depth are derived in this section.
However, in comparison between the effective creep coefficient factor measured, and
Zia-PCP and ACI-209° time dependent creep coefficients, the effective creep coefficient
similarly captures the time-dependency of creep. However, in contrast with both Zia-PCI
and ACI-209, the effective creep coefficient captures the depth variation of the creep in
addition. The ultimate concrete creep coefficient defined by various codes is often

referred to as C,. In design the time-dependency of creep is obtained by multiplying Cu
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by a time function or factor. This factor is dependent on the method used to achieve the
time-dependent creep coefficient. In order to achieve a time-dependent creep coefficient,
C, must be multiplied by gp). Ci= zg(t) * C,. It is important to note that the effective creep
coefficient measured at 190.5 cm (75 in), where no pre-stressing strands exist compare,
compare well with suggested values of C, = 2.0 for concrete with strength of 55.16 Mpa
(8000 psi)**.

In this study, the effective creep coefficient can be determined by using two
correction factors. One correction factor is with respect to time, called the Effective
Time Correction factor, K. The other is with respect to depth, called the effective depth
correction factor, K4. K is obtained by dividing each effective creep coefficient value by
the ultimate value (390-days in this case) for each depth considered. On the other hand,
K4 is obtained by dividing the effective creep coefficients at each depth by the
corresponding values at the steel centroid levél. Both these factors are presented in fhe
various plots shown later on in this section. In order to determine the effective creep
coefficient values, equation (5.13) is used.

Ce=K;*Kq4 (5.13)

Figures 5-11 and 5-12 show the time and depth correction Factor for Beam 1 at
the mid-span. Since the time correction factors are similar in values for the various
depths, an average time correction factor was used. Similarly, an average depth

correction factor was used as well. The average time and depth correction factors are

shown in this section.
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Effective Time Correction Factor for Beam 1 at the Mid-span
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Figure 5-11 Effective Creep Time Correction Factor for Beam 1 at the Mid-span.
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Figure 5-12 Effective Creep depth Correction Factor for Beam 1 at the Mid-span.
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Figures 5-13 and 5-14 show the average time and depth correction factors
respectively for Beam 1 at the mid-span. These averages are achieved from the previous
charts of the time and de;pth effective correction factors. One must keep in mind, the
multiplication of both time and depth correction factors yields the effective time and
depth dependent effective creep coefficient. It is interesting to note that the effective
correction factor K, corﬁpares well with the time functions used by PCI and ACI
approaches.

Figures 5-15 and 5-16 show the average time and depth correction factors
respectively for Beam 4 at the mid-span. These averages are achieved using the same
method used to determine the time‘and depth correction factors of Beam 1 at the mid-
span. Similar method is used to achieve the average time and depth correction factors of
Beam 4 at 1.52 m away from the support. These averages are shown in Figures 5-17 an

5-18 respectively.
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Figure 5-14 Average Effective Creep Depth Correction Factor for Beam 1 at the Midspan
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i Average Effective Time Concrete Factor for Beam 4 at the Mid-span
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Figu1'e 5-15 Avéréée Effective Cieep Time Correction Factor for Beam 4 at theMld-span
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Figure 5-16 Average Effective Creep Depth Correction Factor for Beam 4 at the Midspan
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Average Effective Time Correction Factor for Beam 4 at 1.562 m
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Figure 5-17 Average Effective Creep Depth Correction Factor for Beam 4 at 1.52m.
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Figure 5-18 Average Effective Creep Depth Correction Factor for Beam 4 at 1.52m.
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5.4.3 Using the PCI Code to Calculate Shrinkage, Creep, and Steel Relaxation

The measured strain readings constitute of both creep and shrinkage combined.
Therefore, reliable measurement of the effect of the rate of the concrete’s water loss
ultimately leading to shrinkage is significant. In order to compute the magnitude of
creep, the magnitude of strain by shrinkage must be primarily computed. The method for
this computation is explained in chapter four and its implementation to the Gandy Bridge
is extendedly shown in this section. The PCI time dependent approach for obtaining the
various components is illustrated in this section. The values USH, SSF, AUS, PSH that
appear in-the equations utilized for this purpose are defined in chapter four. Each specific
factor is computed for each specific time period. The SSF value is constant throughout
the length of the project due to the assumption that the volume to surface area stays
constant. The cumulative amount of shrinkage is then computed using all of these
components. Once the cumulative shrinkage is computed, the amount of pre-stress loss
due to shrinkage is known. The division of the shrinkage pre-stress loss value by the
modulus of elasticity of the steel used yields the strain value of the pre-stress section due
to shrinkage.

The PCI shrinkage values were incorporated into our study to capture the
measured strain reading due to creep alone. The use of PCI shrinkage values was
essential ‘due to a field problem encountered in the early days of the project. Five
different concrete cylinders were going to be used to account for shrinkage affect. All

five cylinders were instrumented with strain gages. They were placed at the same
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location as the concrete girders in order to experience the same weather conditions.
However, the plastic shield for all the cylinders was not removed until 50 days later, thus
affec;ting the rate of loss of excess water in the cylinders, and hence shrinkage strains.
This error had forced us to implement the PCI time shrinkage values into our study. Plots
of the cylinders shrinkage values are presented in Appendix A.

The Creep values are computed in a similar fashion to the shrinkage, the
appropriate factors are mentioned in chapter four. From chapter four, the determination
of all factors for each specific day was computed in order to determine the creep
coefficient from the PCI code. Steel relaxation on the other hand involved an equation
that uses time and the effective pre-stress. The result of these calculations are summed

and compared to the result achieved experimentally as shown in the following section.
5.4.4 Using the ACI-209 to Calculate Shrinkage, Creep, and Steel Relaxation

The time-dependent pre-stress loss, using the ACI-209 method®, is affected by
many factors also. Among these factors are time, relative humidity, concrete and steel
strength. The equations used to compute the various components were discussed in
Chapter Four. A relative humidity of about 70 % was assumed. This relative humidity
assumption is valid due to the geographical location of the Gandy Bridge. This method
of Computing time-dependent pre-stress loss is based on the steel centroid which
compares will with the Zia-PCI study. It is important to use both studies for comparison

with the measured time-dependent pre-stress loss from the Gandy Bridge measurements.
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5.5 The Summation of the Code’s Time Dependent Losses

The summation of all pre-stress loss components lead to the final values used for
‘the time-dependent loss comparison. The various components of pre-stress losses are
attained using the codes’ findings. Similarity of the results from these theoretical values
and the experimental findings from the Gandy Bridge are significant. The comparison
between both pre-stress losses using strain data and the code’s findings must be
conducted at the level of the steel centroid. All theoretical values attained are based on
the depth at the steel centroid level. The following figures represent pre-stress loss
‘comparison between both code and experimental findings along with the pre-stress losses
at various depths.

Figure 5-19 shows the experimental apparent pre-stress loss at various depths and
the theoreti.cal loss at the centroid of the mid-span éf Beam 1. The PCI Committee pre-
stress loss that is time dependent and is based on the steel centroid compares well with
the experimental pre-stress loss at the steel level. The ACI code and AASHTO
specifications do not vary with time or depth. They use a lump sum or single value
throughout the lifetime of pre-stress loss.

Figure 5-20 show the experimental apparent pre-stress loss at various depths and
the theoretical loss at the centroid at 1.52 m from the support of Beam 4. In comparison
between both pre-stress measured loss and PCI Committee pre-stress loss, it is apparent
that the PCI committee overestimates the pre-stress loss at 1.52m (5 ft) away from the

support.
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Figures 5-21 and 5-22 show the experimental and theoretical pre-stress loss in
terms of a ratio expressed with respect to the ultimate strength of the strands. These
figures express apparent pre-stress loss in terms of effective pre-stress to ultimate
strength ratio. In comparison between these figures and the previous ones, both show the

amount of pre-stress loss.
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fpe Over fpu for Beam 4 at 1.52m away from the Support
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Figure 5-22: fpe over fpu vs. Time for Beam 4 at 1.52m away from the Support.

Another way to present the pre-stress loss is with respect to the jacking stress. It

is important to note that this method of expressing pre-stress loss expresses both

instantaneous and time-dependent pre-stress loss with respect to jacking stress. Figures

5-23 and 5-24 show the ratio of total loss to jacking stress for various depths. The

measured total pre-stress loss compares well with Zia-PCI method of estimating pre-

stress loss with respect to time at the steel centroid.

80



Actual total Loss over jacking stress of Beam 1 at the Mid-span
O I — T i 1

% of actual loss

——ZiaPCl.

230 -
Time (Days) g

Figure 5-23: Actual Total Loss to Jacking Stress Ratio of Beam 1 at the Mid-span.

j Actual Total Loss over Jacking Stress of Beam 4 at 1.52 m 3 }
i
g 100 200 300 400
. —e—19.5
: - | = 1753 “
s 2 {—A—-—147.1 :
£-15 340 |
5 %188 |
R 20 —e—7.6
: ,—+—Zia-PCl:
25 { ‘
30 !

Time (Days)

Figure 5-24: Actual Total Ldss to Jacking Stress Ratio of Beam 4 at 1.52m.
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Chapter 6

EFFECT OF TIME-DEPENDENT PRE-STRESS LOSS ON
STRESSES, CAMBER & DEFLECTION

6.1 Introduction

Controlling stresses and deflection are some of the main objectives of pre-
stressing a concrete member. Pre-stressing a member provides tensile stress and
deflection control for the concrete section. Limiting both tensile stress and deflection to
acceptable values are of vital importance for serviceability of concrete structures. Both
stresses and deflection are reléted to one another. Sections that have tensile sﬁ‘ess at fhe
top portion and a compressive stress at the bottom portion are said to have negative
deflection, camber. While sections that have the compressive stress at the top and the
tensile stress at the bottom are said to be deflected. An ideal pre-stress concrete section
has little or no tensile stress or deflection.

In the Gandy Bridge project, three simply supported spans of the bridge girders
were studied. At the top of the three spans a continuous slab was cast. The effect of the
continuity of the superimposed slab on the simply supported bridge girders was
investigated in this study. The bending moment due to a strictly continuos slab is

different from one that is caused by a simple supported one. Therefore, the comparison
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between the use of a continuos superimposed and simple superimposed dead load was
investigated, both in terms of stresses and camber. Findings from various results
obtained at different sections along with comparison with various codes are discussed in

this chapter.
6.2 Stress Distribution

The total concrete stress is composed of three parts. One is the stress of the
section caused by pre-stressing alone. Another is the stress caused by the weight of the
section. The last is the stress caused by any additional weight superimposed on the
section. The equations used for the total stress and the various stress components were
shown in chapter four and their results are presented here. The stresses at_‘various depths
of the section are presented for different days. Immediately after transfer, 150 days and
390 days are some of the days illustrated. The significance of these days is explained in

the subsequent sections.

6.2.1 Immediately after transfer

Once the stress in the strands is transferred to the concrete section, the stress of
the concrete section undergoes some changes. After transfer, the strands impose a

compressive force on the concrete section. More compression at the lower half is
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desirable than at the top half since this condition will be counteracted when additional
loads are imposed on the structure later.

Figures 6-1 and 6-2 capture the stress distribution at mid-span Beams 1 and 4
respectively for various depths immediately after transfer. It is important to note that at
this stage in the construction process, the beams act as simply supported members. Also
the stress from the field measured data account for losses at different depths for any time
considered. It can be seen from both figures that the stresses do not violate the code
limitations based on AASHTO. Comparison between the actual and the design
compressive limits vary. This variation is due to the fact that the design initial
compressive strength of the section is about 72.3 % of the actual compressive strength
when the strands were cut. These values are f;’(design) is 34.475 Mpa (-5000 psi) while

f.’(actual) is 47.7 Mpa (-6919 psi). Since the actual compressive stress is larger than the

~ design, exceeding the design compressive limits is perhaps not of major concern.

However, the compressive stress should not exceed the limit based on the actual
compressive strength of the concrete. Comparison between obtained stresses across the
depth at the mid-span of Beams 1 and 4 with various findings are illustrated in both
figures. AASHTO stress distribution is based on a time and depth invariant pre-stress
lump sum loss value, where Zia-PCI is based on a time dependent pre-stress loss based
on the steel centroid, that is depth invariant only. Comparison between all stress
distribution at the mid-span immediately after transfer yields similar results across the

depth.
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Figures 6-3 and 6-4 depict the stress distribution of Beam 1 and 4 for various
depths at 1.52 m away from the support. The compressive stress is increasing with depth.
At the lower part of the section, the compressive stress exceeds the AASHTO design
limit; however, it does not exceed the limit based on using the actual compressive
strength. This is acceptable in practice since the actual section is stronger than expected
in design. It is important to point out that the original designs of the girders were based
on the CEB-FIP’, European code. Based on that design, the initial stress was about 99 %
of the allowed limit. In comparison between stress at 1.52 m (5 ft) from support and the
mid-span, the compressive stress at 1.52 m (5 ft) from the support is lower at the upper
part of the section and larger at the lower part of the section than at the mid-span.
Comparison between using actual, AASHTO and Zia-PCI losses yields very little
differences at this early stage. Stresses from all approaches are almost identical at this

point in time.
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Concrete Stress Distribution At Transfer
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Figure 6-1: Concrete Stress vs. Depth for Beam 1 at Mid-span at Transfer.
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Concrete Stress Distribution At Transfer
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Figure 6-3: Concrete Stress vs. Depth for Beam 1 at 1.52m away from the Support.
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6.2.2 At 150 Days After Transfer

Time dependent losses are the ones that occur after the instantaﬁeous loss has
taken place. Shrinkage, creep, and steel relaxation play a major role in changing the
initial pre-stressing force. Alteration to the pre-stressing force result in changes to the
stress of the concrete section with time. At the 150-day mark of the construction, no
superimposed dead load is placed on the girders yet. The pre-stressing force, the self-
weight, and the time dependent parameters are the only factors affecting the girders
alone. The difference between the effect of the immediate loss and time dependent loss
on stresses can be easily observed in the re-distribution of the stresses in the concrete
section between immediately after transfer and 150 days after transfer.

Figure 6-5 captures the stress distribution of Beam 1 at 150 days for various
depths in the mid-span. The actual compressive stress at the lower part of the section‘ is
much greater than at the top of the section. The actual maximum and minimum concrete
stresses are —14.75 Mpa (-2139 psi) at 7.6 cm (3 in) and —5.91 Mpa (-863 psi) at 190.5
cm (75 in) receptively. In comparison with time of transfer, the compressive stress on the
lower part of the concrete section at 150 days has decreased from the compressive stress
at transfer. This reduction in stress is expected and planed for in every pre-stress
concrete design project. C‘omparison between the stress distributions form the various
loss computation methods used yield different results than seen immediately after
transfer. The obtained stresses based on measured pre-stress loss are greater at the

bottom of the member than the stresses based on using AASHTO and Zia-PCI pre-stress

88



losses, and indicate a more non-linear distribution.

Figure 6-6 captures the stress distribution of Beam 4 at 150 days for various
depths in the mid-span. The actual compressive stress at the lower pa;rt of the section is
also much greater than at the top of the section. The actual maximum and minimum
concrete stresses are —14.71 Mpa (-2133.43 psi) at 7.6 cm (3 in) and —-5.92 Mpa (-858.6
psi) at 190.5 cm (75 in) receptively. Note that both AASHTO and Zia-PCI do not capture
the nonlinear stress behavior across the depth of the member. Their stress distribution
across the depth is based on the theoretical assumption of stress linearity used for
simplicity. Both Figures 6-5 and 6-6 show that none of the concrete stress distribution
exceed the allowable values in the mid-span. Thus, indicating that the time-dependency
and depth-dependency of the losses do not dramatically affect the stresses in the mid-
span. As a check, it is pointed out that at this stage in the construction, Beams 1 and 4
are similar and show same results as expected.

Figure 6-7 captures the stress distribution of Beam 4 for various depths at 1.52m
at 150 days. The actual compressive stress at the lower part of the section is much
greater than at the top of the section. The actual maximum and minimum concrete
stresses are —19.37 Mpa (-2809 psi) at 7.6 cm (3 in) and —2.48 Mpa (-359.7 psi) at 190.5
cm (75 in). In comparison with time at transfer, the compressive stress on the lower part
of the concrete section at 150 days has decreased from the compfessive stress at transfer,
however, it is still over the design limit. Analyzing the differences between the mid-span
and 1.52m (5 ft) away from the support, the compressive stress at the lower part of the

section at 1.52m (5 ft) is in more compression than at the mid-span. In this figure, both
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stresses computed using measured and Zia-PCI pre-stress loss exceed the design
compressive limit. The AASHTO stress does not violate the limit, and depicts a similar
stress at the bottom of the member as the design compressive stre:ss limit. Therefore, the
effect of accounting for time-dependency and depth-dependency in the stress calculations

seems to be more significant in the support region.
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Figure 6-5: Concrete Stress Distribution vs. Depth at Mid-span of Beam 1 at 150 days.
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Concrete Stress Distribution At 150 Days After Transfer
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Figure 6-6: Concrete Stress Distribution vs. Depth of Beam 4 at Mid-span at 150 days.
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Figure 6-7: Concrete Stress Distribution vs. Depth at 1.52m of Beam 4 at 150 days.
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6.2.3 At 390 days after Transfer

At 240 days after transfer the slab was cast. At which time the superimposed
dead loads such as the slab, wearing surface, and railing.were then considered part of the
bridge loading in this study. The slab was cast over the three spans creating a dilemma in
the design approach to be used for the bridge. Since the very deep girders (198 cm) were
simply supported, questions such as whether to treat tﬁe slab (20 cm thick) as simply

supported or continuous becomes an issue affecting the proper design method to be used.

" Procedures for both methods were studied and compared. Plots for stresses and

deflections caused by considering the superimposed dead loads are simple or continuous
are discussed in this chapter. Division of this section into simply supported girders
carrying a simply supported superimposed load, and simply supported girders carrying

continuous superimposed load are considered in the sections that follow.

6.2.4 Simply Supported Superimposed Dead Load on Girders

Figure 6-8 captures the stress distribution of Beam 1 for various depths at mid-
span at 390 days. The actual compressive stress at the top part of the section is now
much greater than at the lower part of the section. The actual maximum and minimum
concrete stresses are - 9.37 Mpa (-1359 psi) at 190.5 cm (75 in) and —4.037 Mpa (-585.5
psi) at 7.6 cm (3 in). The top and bottom compressive stresses of this section at this point

in time have changed from previously seen distributions for immediate and 150 days after
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transfer. This change in stress distribution is due to the additional weight on the girders
and the composite section considered. Comparison between the actual and the AASHTO
code yields similar results to the ones seen earlier f(:)r 150 days. The actual compressive
stress at the top is consistent with the AASHTO code and is greater at both the middle
and lower fibers. The actual compressive stress at the bottom is consistent with Zia-PCI
stress and is greater at both the middle and top fibers.

Figure 6-9 shows the stress distribution at the mid-span of Beam 4 for various
depths at 390 days. The actual compressive stress at the top part of the section is much
greater than at the lower part of the section. At 190.5 cm (75 in) from the bottom of the
girder the compressive stress is —9.40 Mpa (-1363 psi) while the compressive stress at 7.6
cm (3 in) is only -3.59 Mpa (-520.7 psi). Comparison between the actual and the
AASHTO code yields similar results to the ones seen earlier for 150 days. The actual
compressive stress at the top is generally consistent with thé AASHTO code and is
greater at both the middle and lower fibers.

Figure 6-10 depicts the stress distribution of Beam 4 for various depths at 1.52 m
(5 ft) at 390 days. The actual concrete stresses are —6.58 MPa (-954 psi) at 190.5 cm (75

in) and -6.02 MPa (-873 psi) at 7.6 cm (3 in). At this section, the compressive stress

mniform across the depth. The average compressive stress on

LAl UL AL g 3 8 L) 5 853051

seems to be
the section is —6.30 Mpa (-913.7 psi). In comparison between the actual stresses,
AASHTO code, and Zia-PCI, the pattern of stress distribution are similar. All the stress
distributions based on the various methods are somewhat uniform across the depths.

Thus, by assuming a simply supported superimposed dead load, the high compressive
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stresses obtained in the bottom fibers close to the support seem to be compensated for as

time proceeds. The stress distributions are well within the allowed limits in this case,

suggesting a very conservative design.
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Figure 6-8: Concrete Stress vs. Depth for Beam 1 at Mid-span at 390 days.
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Concrete Stress Distribution at 390 days After Transfer
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Figure 6-10: Concrete Stress vs. Depth for Beam 4 at 1.52m at 390 days.
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6.2.5 Continuous Superimposed Dead Load on Girders

In Figure 6-11 the stress distribution from assuming continuous superimposed
dead load for the mid-span of Beam 1 at various depths at 390 days is shown. This figure
differs from the one assuming simply supported superimposed dead load. The
compressive stress is more uniform across the depth. At the top most gage location,
190.5 cm (75 in), the concrete stress is —.8.27 Mpa (-1199 psi). Only —7.98 Mpa (-1157
psi) exist at 7.6 cm (3 in) at the bottom of the section. Comparison between the actual
and the AASHTO code yields similar results to the ones seen earlier for simply supported
case. The actual compressive stress at the top is consistent with the AASHTO code and
is greater at both the middle and lower fibers. However, the actual measured stress
distribution across the depth compares well with the Zia-PCI method.

Figure 6-12 captures the stress distribution at the mid-span of Beam 4 for various
depths at 390 days. It is important to note that Beam 4 is in the interior span of the bridge
segments. This figure significantly differs from the one obtained when assuming simply
supported superimposed dead load. The actual maximum and minimum concrete stresses
are —8.36 Mpa (-1212.5 psi) at 190.5 cm (75 in) and —7.83 Mpa (-1135.6 psi) at 7.6 cm (3
in). In comparison between both Beams 1 and 4 at the mid-span, the stresses at the top
and bottom of the section are similar. In comparison between the actual, Zia-PCI, and

AASHTO stress distribution across theb depth, the Zia-PCI and the actual stresses

compare well with one another. The AASHTO stress distribution across the depth is
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consistent with the actual stress at the top of the section, while it is less at both the middle
and the bottom of the section.

Figures 6-13 and 6-14 captur:e the stress distribution at 1.52 m of Beams 1 and 4
for various depths at 390 days. In Figure 6-13, The actual concrete stresses in Beam 1
are —2.83 Mpa (-410 psi) at 190.5 cm (75 in) and —18.53 Mpa (-2687.5 psi) at 7.6 cm (3
in). Where in Figure 6-14, The actual concrete stresses are —3.83 Mpa (-410 psi) at 190.5
cm (75 in) and —18.11 Mpa (-2626 psi) at 7.6 cm (3 in). The uniformity of the
compressive stress seen in Figure 6-7 based on simple supported action seems to be
altered when using a continuous superimposed dead load. In comparison between the
actual and the AASHTO code, both yields similar results to the ones seen for mid-span.
The actual compressive stress at the top is consistent with the AASHTO code and is
greater at both the middle and lower section. Both AASHTO and Zia-PCI stress are
consistent throughout the depth of the beam ‘and seem to underestimate the actual
compressive stress. The simply supported case, AASHTO and Zia-PCI compressive
stresses at the bottom fiber in the support region meet the design requirements for all
cases. However, the actual compressive stress seems to be right at the limit, hence,

suggesting that using a simply supported assumption may be too conservative.
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Figure 6-11: Concrete Stress vs. Depth for Beam 1 at Mid-span at 390 days.
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6. 3 Deflection and Camber of Modified AASHTO type VI Girders

The modified AASHTO type VI concrete girders of this bridge are subjected to a
sustained eccentric compressive force. The level of this force affects the magnitude of
time-dependent creep, and consequently camber of the girders. On the other hand, the
sustained weight of the section and the superimposed dead load on the section cause it to
creep and deflect as well. Controlling both camber and deflection to reasonable amounts
is a significant task in design of pre-stress concrete members. The initial imposition of
camber in a pre-stress member is done to counteract the deflection of the section at

service. In this section the calculation of camber and deflection is divided into two.

6.3.1 Camber and Deflection

The details of methods used to compute the amount of camber and deflection
were discussed in chapter four, and their implementation on the Gandy Bridge project is
presented in this section of the report. For camber, the design of the modified ASSHTO
type VI girder used in the Gandy Bridge consists of 14 doubly depressed strands and 50
straight strands extending throughout the length of the girders. Hence, 78 % of the
strands are straight while only 22 % of them are depressed. Due to the combination of
both straight and depressed strands, modification to equation (4.37) and (4.38) must be

made in order to better predict the amount of camber due to the shape of the pre-stressing
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strands. The following equation is used to determine the magnitude of camber that must

be applied on the Gandy Bridge design.
2 2 2
5 T=0.78*¢c%+0.22*[¢6%+(¢2—¢C)*‘H 6.1)

From chapter 4, the equation used to calculate the deflection of the girders due to
the self-weight and the superimposed dead load was based on a simply supported

member. Using the assumption that the whole bridge acts as a simple span lead to the use

of equation (4.42).
k7 ok T4
o= S_W_L_ (6.2)
384%E *1,

On the other hand, since the slab is cast over all girders, equation (6.2) can not be
used for a continuos superimposed dead load. The equation used to calculate the
deflection due to the superimposed dead load based on continuos behavior is somewhat
different from the one used in equation (6.2). The difference between both equations is
the coefficient used in the deflection equation as shown below:

In the positive region of the exterior span:

0.0069*W * L*
Sop = Xy (6.3)

In the positive region of the interior span:

~0.000526* W *

o
sD E *I

(6.4)
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6.3.2 Net Camber or Deflection

In order to sum all the contributions of camber and deflection, equation (6.5 or
6.6) must be used. This equation is based on the Approximate Time-Step Method'. It
depicts the upward deflection or camber due to eccentric compressive stress of the
strands as a negative value, and the downward deflection due to the various loads as a

positive value. In equation (6.5), the deflection for a non-composite beam is shown.

AL akr+C, )8, 1 ! brs,d
Or =—[1-Fg+/1(K1 COI,; T+[1+C 1o, ¥+ [1+C,]0 +0, (6.5)
For composite beams the total deflection is

AP AP —AP.
5, =—[I—E+/1(Kr*ct)]5pl. T+[1+C,15, ¢+[1-—}-)O—v+

Kr*C,(A-1"]5, * + (6.6)

composite

[1+ct7—16—]550¢+ [1+ct]5D71€—¢+5df¢+5L l

composite composite

Where A :—Ai
2F,
ll_: APC'
2P,
AP=P -P

8 pi = camber due to initial pre-stress alone
S p = deflection due to weight of the girder alone

& sp = deflection due to superimposed dead load



& 4¢ = deflection due to deferential creep between slab and girder

SL = deflection due to live load

Equations (6.5) and (6.6) are modified and implemented to the Gandy Bridge
project Vusing the field measured time-dependent pre-stress losses and effective creep
coefficient after some modification. In this modified equation, the loss of pre-stress is
implemented into the camber due to pre-stressing alone. The creep coefficient is replaced
by thev time-dependent effective creep coefficient achieved in this study. The
implementation of composite section is done at 240 days, when the slab is cast. When
composite action takes place, the equations used to achieve the various displacements are
modified to account for the change in the member’s dimensions and properties. The
Modified net Camber equation used is:
5y =—[1+Ce)l6, T+[1+Celd, Y+ [1+Ce] 55y ¥ +5, ¥ (6.7)

Camber and deflection calculation is done for both simply supported and
continuous superimposed loads. The division of this section into both methods of camber

calculation is seen in the sequential sections.

6.3.3 Simply Supported Superimposed Dead Load

Figures 6-15 and 6-16 represent the camber-deflection at the mid-span of Beam 1
and 4 respectively when simple supported is assumed throughout. From the figures, it is
obvious that the design camber is much higher than the camber achieved in this study.

This is due to the fact that the design camber was based on concrete strength of 44.817
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Mpa (6500 psi), where in reality the actual concrete strength is 57.318 Mpa (8313 psi).
Additional weight such as slab, asphalt, parapets and other superimposed dead load were
suﬁposed to be applied on the girders at the 120™ day of the project. The superimposed
dead load was applied instead at the 240™ day of the project. The effect of the
superimposed dead load on the section is clearly illustrated in both graphs. In the design
camber, the magnitude of camber drops significantly at the 120" day. In the achieved
ca1ﬁber of this study, the affect of additional weight takes place at the 240" day of the
project. The field measurement of camber is very consistent with those computed using
the Time-Steps Method in this study. Although the camber measured in the field is not
100 % accurate, it gives an acceptable estimate to what the camber value should be. It
can be clearly seen that these graphs along with others show the behavior of the concrete
at various depths. This variation of camber with depth is seldom considered in pre-stress
concrete behav.ior. The variation of the camber between various depths is due to the fact
that different pre-stress loss and effective creep coefficient values are achieved at the
various depths. Since pre-stress loss and creep coefficient are often computed as one
value, sectional camber and deflection are often presented as one-value measurement as
well.

Creep is one of the pre-stress loss components that affect camber a great deal.
From equation (6.7), it is obvious that the effective creep coefficient plays a major factor
in this equation. Using the maximum effective creep coefficient that occurs at 190.5 cm
(75 in) from the bottom of the section, a more uniform distribution to camber can be seen.

Figure 6-17 shows the camber-deflection at the mid-span of Beam 1. From the figures, it
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is obvious that the design camber is much higher than the camber achieved in this study.
“This figure differs a great deal from Figure 6-15. In Figure 6-17 a more uniform camber
:with respect to depth is shown. This confirms that the use of a simple pre-stress loss
'value at the steel centroid and creep coefficient at this level will result in a uniform

camber between top and bottom of the girder.

Camber vs. time for Various Depths of Beam 1 at the Mid-Span
15 (Simple) 1
‘ —e— 190.5cm
13 ! = 175.3cm
o % e . | —a—154.9cm
-11 g / ( } —»—99.1cm !
T -0 1 o —x—68.6cm :.;
8 « g — " " —o—53.3cm !
i. S - ¥ :;;3:71.;___:_;:;:,&;:::%‘" . ——23.6cm :
;&,-" i . I |E —a—7.6cm
:8 -5 - A Y= | —e—Design |
: o= X S ® . = s X : o Fieldbot |
S B . m Fieldtop |
10 100 200 & o 300 . . 400 —E-AASHTO
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Figure 6-15 Camber vs. Time at Various Depths at the Mid-span of Beam 1.
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Camber vs. time for Various Depths at Mid-Span of Beam 4

| simple)

15 - (simp r
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Figure 6-16 Camber vs. Time for Various Depths at the Mid-span of Beam 4.

{ Camber vs. time for Various Depths of Beam 1 at the Mid-Span
for one Pre-stress Loss Value (Simple)
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Figure 6-17 Camber vs. Time at the Mid-span of Beam 1 for One Pre-stress Loss Value.
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6.3.4 Continuous Superimposed Dead Load

Figures 6-18 and 6-19 represent the camber-deflection at the mid-span of Beam 1
and Beam 4 respectively considering continuous superimposed load. From both figures,
it is obvious that the design camber is much higher than the camber achieved in this study
prior to imposing the additional weight on the section. The design of the Gandy Bridge

had failed to account for continuity of the superimposed dead load. The field

measurement of camber is more consistent with this research.

| Camber vs. Time for Various Depths of Beam 1 at the Micizépan
(continuous)
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Figure 6-18 Camber vs. Time for Various Depths of Beam 1 at th-éhl\/l.vﬁ-spah...
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“é“;ﬁ{ber vs..v"'lﬂ'ime for Various Depths of Beam 4 at the Mid-span
(Continuous)
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Figure 6-19 Camber vs. Time for Various Depths of Beam 4 at the Mid-span.

6.3.5 Comparison of Camber from Simple, Continuous and Field Data

Figures 6-20 and 6-21 show the comparison between simply supported and

continuous superimposed dead load at the top and bottom sections of the girder

respectively. Both figures are done at the mid-span of Beam 1. Both design and field

camber values are implemented into these figures in order to better demonstrate the

consequences of using simply vs. continuous superimposed slab. Although the Gandy

Bridge consist of continuous slab sitting on simply supported girders, the camber values

based on this study show that the actual camber is not equivalent to such a case. Due to

the fact that the slab is sitting on a much stiffer girder, its ability to displace in the vertical

direction is restricted especially when composite action is formed. Thus, the sections
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seems to show more of a simple supported behavior, but is still not fully singly
supported.

Figures 6-22 and 6-23 show the comparison between simply supported and
continuous superimposed dead load at the top and bottom sections of the Beam 4
respectively. The use of slab continuity in the design approach of such structure is not
proper, the method used in design assuming simply supported bridge was too

conservative.

WmCom p‘;é\risorh Between Simple and Continv'ious af the
Top of Beam 1 at the Mid-span
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Figure 6-20 Comparison between Simple and Continuous slab at the Top of Beam 1. |
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Comparison Between Simple and Contihﬂous at
the Bottom of Beam 1 at the Mid-span
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Figure 6-21 Comparison between Simple and Continuous slab at the Bottom of Beam 1.
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Comparison Between Simple and Continuous Slab at the
Bottom of Beam 4 at the Mid-span
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Figure 6-23 Cofnparisbn beﬁéveen 7Sirmp1.evand bontinuous slab at the Bottoni »o-jfBeam 4.

111



Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Introduction

The main objective of the Westbound Gandy Bridge research project funded by
the FDOT is to investigate the time-dependent behavior of the bridge girders. The
unconventional design of the bridge is the main reason it was of interest to the FDOT. A
typical portion of the bridge is a combination of simple supported beams and a

continuous bridge deck.

Therefore, determination of the time-dépéndent pre-stresé loss through actual
measurement was of major interest in the study. Due to the relationship between pre-
stress loss and stress, accurate determination of the time-dependent stress distribution or
re-distribution within the girder depths was important. This stress distribution will enable
engineers to better understand the effect of accounting for the deck continuity vs. the use
of simply supported superimposed slab in the design of such bridges. Also of importance
is the effect of time-dependent pre-stress loss on the magnitude of camber and deflection
occurring in the girders. The conclusions from the various goals addressed in this study

are discussed in the following sections.
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7.2 Time-dependent Pre-stress Loss

It is essential in engineering design of structures built with pre-stress concrete
members to estimate pre-stress loss with respect to time. Although the lump sum method
of computing pre-stress loss is simple and convenient, it does not allow the designer to
understand the structural behavior at various stages of construction and during service.
The lump sum method is based on one value of pre-stress loss implemented at the level of
the steel centroid and does not change with time. Its use often results in an over
estimation of pre-stress loss especially in the early stages when most of the time-
dependent pre-stress loss has not yet occurred. This overestimation of pre-stress loss in
design may have negative effects on the behavior of pre-stress structures. Overestimating
pre-stress‘loss in design suggests less camber, therefore ultimately underestimating the
actual camber in the field. In bridges, the excessive camber resulting from this etror
causes an uncomfortable ride. Excessive camber is also undesirable from a construction
point of view. In order to achieve a more even slab over a cambered beam, extra
concrete must be placed at both ends of the section. On the other hand, underestimating
pre-stress loss in design suggest more camber than anticipated for in the design.
Therefore, it is equally as inconvenient from serviceability and construction point of view
for structures to have excessive deflection as it is to have excessive camber.

e Based on the strain readings that are implemented at various depths of several Gandy
Bridge girders the pre-stress loss was measured with respect to both time and depth.

This measured time dependent pre-stress loss was then compared with those from
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Zia-PCE, and ACI-209° methods of estimating time-dependent pre-stress loss at the
steel centroid. Similar results were achieved for time-dependent pre-stress losses
using Zia-PCI, ACI-209 and actual measured time-dependent pre-stress loss at the
level of the strands. Both Zia-PCI, and ACI-209 lack the ability to depict the effect of
pre-stress loss at different depth with the concrete member.

Another approach was compared with the previous time-dependent pre-stress losses.
This approach is based on the AASHTO method of estimating pre-stress loss. The
AASHTO code uses a lump sum pre-stress loss value that does not vary with time or
depth. This pre-stress loss value is an overestimation of the actual pre-stress loss of
the member especially at the early stage. Although the consequences of using the
different methods of estimating pre-stress losses may not be clearly seen in terms of
loss ivalues, their effect on the actual stress and camber values of the pre-stress
element are of importance in practice.v

Also, Ky and K; as described in this study are only a preliminary attempt to
investigate ways for implementing the variability of the effective creep coefficient

with respect to time and depth in design.
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7.3 Stresses in the Modified AASHTO type VI Girders

The fact that the actual 28™ day concrete strength used for the girders of the
Gandy Bridge was higher than specified in the design is a good conservative field
practice from strand point of stresses. A stronger concrete section has a higher
compressive stress limit than a weaker concrete section. Actual stresses at 1.52m away
from the support immediately after transfer violated the design compressive limit
provided by AASHTO but not the actual limit in the girders. The stress estimation of a
pre-stress section may vary with the method of estimating pre-stress loss.
o In the Gandy Bridge Design Report'!, the stress at the bottom of the section did not
violate the design compressive stress limit as was the case from actual measurement.
The method used in estimating the stress distribution in the design manual was based

on CEB-FIP’.

e The variation of stress between those from the design report and from other codes

used in this study suggests that the use of higher strength concrete in the field may be

enough to accommodate for any inconsistency or variability in using different codes.

e It can be concluded that proper pre-stress loss estimation play a large role in depicting

the amount of stress on the concrete section. Although the Zia-PCI stress distribution
compared well with actual stress distribution especially at the mid-span, it showed

similar stress distribution to the AASHTO code at 1.52 m away from the support.
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The AASHTO stress distribution across the concrete showed less stress values
especially at the bottom of the section.

In comparison between both simply supported slab and continuos slab applied to
simply supported girders, the stress distribution at the mid-span of the girders are very
similar. However, the stress distribution at 1.52 m (5 ft) away from the support is
very different.

In the continuous slab case, there is very small reduction in the compressive stress at
the lower part of the section near the support. It was determined also that the depth
variation of losses did not significantly affect the stress-distribution, except making it
non-linear. However, accounting for the time-dependency of the losses is necessary

for a proper design.
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7.4 Camber of the Modified AASHTO type VI Girders

Concrete sections are often assumed to be rigid structures. This assumption is not
accurate. From the definition of rigid structures, they are said to have a constant shape
and do not deform with time. However, concrete sections deform as time progresses.
Deformation in the longitudinal direction causes strain of the concrete sections.
Displacement in the vertical direction causes both camber and deflection. Camber is
often thought of as one value across the depth of the concrete section. This assumption is
as accurate as the assumption of stress linearity across the depth of the section. Stress
linearity across a section’s depth is assumed for simplicity of design. From the camber
study conducted in this research, it was fouﬂd that:

e the magnitude of camber differs between the top of the section and the bottom of the

section.

e It also varies across the depth. This variation in the magnitude of camber is an

important finding from this study that needs to be considered in both design and

construction.

e This is attributed to the use of the depth varying effective creep coefficient value. In

the field, camber is often measured at the bottom of the concrete section, and in the
bed from the bottom of the bed to the camber point in the bottom of the member. In
most cases, this is done by tying a rope at the bottom of both ends of the beam and

measuring the spacing between the rope and the bottom of the beam at the mid-span.
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Similar measurement should be done to compute the camber at the top most of the
concrete member. Although field camber measurements done by this approach are
not fully accurate, they give much better camber estimation than the camber values
obtained in the original design. The design camber values are usually much higher
than the actual camber. This is due to the fact that the actual strength of the concrete
section at transfer is often higher than the design initial concrete strength as is the
case in this study.

The use of higher concrete strength in the field causes the member to camber less
than anticipated in the design. Since the field concrete strength may be different from
the design concrete strength, it is difficult to depict the actual magnitude of camber or
deflection when all loads are applied.

From this study, it can be concludéd that the use of higher concrete strength in the
field, while it is good for stresses, is not such a good thing for the camber and
deflection. It is thus recommended that the use of higher strength concrete in the field
is done with care.

From the various methods used to achieve the magnitude of pre-stress loss, different
camber estimations were obtained. In comparison between the camber values based
on the field measured data of pre-stress loss, and Zia-PCI pre-stress loss, the camber
based on Zia-PCI gives a good estimation of camber at the bottom part of the girder.
However, Zia-PCI camber does not depict the camber values at different locations

such as the top of the section.
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7.5 Recommendations for Future Work

The slab of the Gandy Bridge was instrumented with strain gages also. It will be of
great benefit to investigate the effect of the slab continuity from analyzing the slab
strain readings.

Determining the amount of differential or inelastic creep if any resulting from the
continuity of the slab is also of a great value.

Continue efforts to implement the use of the effective concrete creep coefficient into
a design methodology for pre-stress concrete girders. For proper use of this
coefficient, factors affecting it such as strand profile, height of member, number of
strands, and strength of concrete need to be investigated further.

Similar study to the Gandy bridge research project should be done for post-tensioned

members as wéll. |

It will be highly recommended to .investigate the effect of different concrete strengths

and steel profiles on the effective creep coefficient.
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APPENDIX A

PLOTS OF STRAIN READINGS FROM SHRINKAGE CYLINDERS

! Shrinkage Strain vs. Time for Cylinders 1,2,3 7
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Figure A-1 Shrinkage Strain vs. Time for Cylinders 1, 2, 3.
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Shrinkage Strain vs. Time for Cylinders 4, 5

|

Figure A-3 Comparison Between Average and Zia-PCI Shrinkage.
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APPENDIX B

FIELD SURVEY ELEVATION DATA OF GIRDERS
COMPILED DURING CONSTRUCTION
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Figure B-1 Sectional Identification of the Westbound Gandy Bridge.

123



]

Table B-1 Field Measured Camber Data

{ Beam Beam Beam / Beam BP= Before Pour
A B C D AP= After Pour
(ft.) (ft.) (ft.) (ft.) D.E= Diff. jn Elevation
W/FACE 61 17.401 17.636 17.850 18.040 .BP
17.405 17.639 17.856 / 18.045 "AP
+0.004 +0.003 +0.006 +0.005 DE
CL SPAN 60 17.399 17.656 17.829 { 18.006 BP
17.284 17.550 17.724 17.891 AP
-0.115 -0.106 -0.105 -0.115 DE
E/FACE 60 16.782 17.022 17.245 17.448 BP
' 16.771 17.014 17.238 17.438 AP
-0.011 -0.008 -0.007 -0.01 DE
W/FACE 60 16.827 17.048 17.266 17.482 BP
16.818 17.040 17.260 17.472 AP
-~ | =-0.009 -0.008 -0.006 -0.010 DE
CL SPAN 59 17.082 17.255 17.494 17.669 BP
16.962 17.134 17.375 17.545 AP
-0.120 -0.121 -0.119 -0.124 DE
E/FACE 59 16.800 17.022 17.233 17.429 BP
16.804 17.027 17.249 17.442 AP
+0.004 +0.005 +0.016 +0.013 DE
W/FACE 59 16.768 16.984 17.203 17.400 BP
17.774 16.989 17.207 17.404 AP 7
0.006 +0.005 +0.004 +0.004 DE
CL SPAN 58 16.985 17.243 17.512 17.583 BP
16.860 17.116 17.387 17.450 AP I
-0.125 -0.127 -0.125 -0.133 DE
E/FACE 58 16.781 17.004 17.232 17.420 BP
L , 16.772 16.994 17.224 17.411 AP W
-0.009 -0.01 -0.008 -0.009 DE
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Table B-2 Continued Field Measured Camber Data

Beam Beam Beam Beam BP= Before Pour
A B C D AP= After Pour
(ft.) (ft.) (fr.) (ft.) D.E= Diff. in Elevation
W/FACE 64 23.264 23.491 23.703 23.918 BP !
23.249 23.479 23.690 23.905 AP
-0.015 -0.012 -0.013 -0.013 DE
CL SPAN 63 22.270 22.479 22.706 22.921 BP
22.119 22.324 22.549 22.769 AP
-0.151 -0.155 -0.157 -0.152 DE
E/FACE 63 20.728 20.960 21.181 21.385 BP
20.728 20.960 21.180 21.383 AP
0 0 -0.001 -0.002 DE
W/FACE 63 20.655 20.296 21.107 21.324 BP
20.651 20.893 21.102 21.322 AP
-0.004 -0.003 -0.005 -0.002 DE
CL SPAN 62 19.986 20.207 20.448 20.646 BP
19.856 20.072 20.311 20.519 AP
-0.130 -0.135 -0.137 -0.127 DE
E/FACE 62 18.712 18.962 19.174 19.410 BP
18.723 18.957 19.170 19.398 AP
+0.005 -0.005 -0.004 -0.016 DE
W/FACE 62 18.680 18.917 19.125 19.348 BP
18.673 18.901 19.119 19.341 AP
‘ -0.007 -0.016 -0.006 -0.007 DE
CL SPAN 61 18.307 18.576 18.791 18.952 BP
18.153 18.430 18.634 18.812 AP
-0.154 -0.146 -0.157 -0.140 DE
E/FACE 61 17.377 17.601 17.827 18.018 BP
17.372 17.594 17.831 18.012 AP
-0.005 -0.007 +0.004 -0.006 DE
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